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Résumé 
Les accouchements prématurés constituent un problème médical majeur en 
constante augmentation et ce, malgré tous les efforts mis en œuvre afin de contrer le 
déclenchement des contractions avant terme.  
Cette thèse relate du ''design'' rationnel d'un nouvel agent thérapeutique (i.e., 
tocolytique) qui serait capable de 1) arrêter les contractions, et 2) prolonger la gestation. 
Pour ce faire, une nouvelle cible, la prostaglandine F2α et son récepteur ont été sélectionnés 
et le peptidomimétisme a été choisi afin de résoudre cette problématique. 
L'introduction contient un historique rapide de la conception à la synthèse (''drug design'') 
du peptide parent, le PDC113, premier peptide a avoir démontré des aptitudes tocolytiques 
suffisantes pour faire du peptidomimétisme. La deuxième partie de l'introduction présente 
les concepts du peptidomimétisme appliqués au PDC113 qui ont permis d'accéder au 
PDC113.824, inhibiteur allostérique du récepteur de la prostaglandine F2α, et explique 
comment ce mime nous a permis d'élucider les  mécanismes de signalisation intracellulaire 
impliqués dans la contraction musculaire lisse. 
Cette thèse présente la conception, la synthèse et l'étude structure-activité de mimes 
de repliement de tour β au sein du mime peptidique original (PDC113.824) dans lequel 
nous avons remplacé l'azabicycloalkane central (l'indolizidin-2-one) par une série d'autres 
azabicycloalcanes connus et des acides aza-aminés dont nous avons élaboré la synthèse. 
Dans un premier temps, une nouvelle stratégie de synthèse en solution de l'aza-
glycyl-proline à partir de la diphényle hydrazone et du chloroformate de p-nitrophényle a 
été réalisée. Cette stratégie a permis d'éliminer les réactions secondaires de cyclisation 
intramoléculaires communément obtenues lors de l'introduction d'acides aza-aminés avec 
les protections traditionnelles de type carbamate en présence de phosgène, mais aussi de 
faciliter l'accès en une étape à des dérivés peptidiques du type aza-glycyle. L'élongation de 
  
 
ii 
l'aza-glycyl-proline en solution nous a permis d'accéder à un nouveau mime tetrapeptidique 
du Smac, un activateur potentiel de l'apoptose au sein de cellules cancéreuses.  
Par la suite, nous avons développé une stratégie de diversification sélective de 
l'azote α du résidu azaglycine en utilisant différents types d'halogénures d'alkyle en 
présence de tert-butoxyde de potassium. Afin de valider le protocole d'alkylation de l'aza-
dipeptide, différents halogénures d'alkyle ont été testés. Nous avons également démontré 
l'utilité des aza-dipeptides résultants en tant que ''building block'' afin d'accéder à une 
variété d'azapeptides. En effet, l'aza-dipeptide a été déprotégée sélectivement soit en N-
terminal soit en C-terminal, respectivement. D'autre part, la libération de l'amine de l'ester 
méthylique de l'aza-alkylglycyl-proline a conduit à une catégorie de composés à potentiel 
thérapeutique, les azadicétopipérazines (aza-DKP) par cyclisation intramoléculaire.  
Enfin, notre intérêt quant au développement d'un nouvel agent tocolytique nous a 
amené à développer une nouvelle voie de synthèse en solution du PDC113.824 permettant 
ainsi d'élucider les voies de signalisation intracellulaires du récepteur de la prostaglandine 
F2α. Afin de valider l'importance de la stéréochimie et d'étudier la relation structure/ 
activité du mime, nous avons remplacé l'indolizidin-2-one (I2aa) centrale du PDC113.824 
par une série d'autres azabicycloalcanes et azadipeptides. Les azabicycloalcanes D-I2aa, 
quinolizidinone, et indolizidin-9-one ont été synthétisés et incorporés au sein du dit peptide 
ne donnant aucune activité ni in vitro ni ex vivo, validant ainsi l'importance du tour β de 
type II' pour le maintien de l'activité biologique du PDC113.824. Finalement, l'insertion 
d'une série de dérivés aza(alkyl)glycyl-prolyles a mené à de nouveaux inhibiteurs 
allostériques du récepteur de la PGF2α, l'un contenant l'azaglycine et l'autre, 
l'azaphénylalanine.  
Cette thèse a ainsi contribué, grâce à la conception et l'application de nouvelles 
méthodes de synthèse d'aza-peptides, au développement de nouveaux composés à potentiel 
thérapeutique afin d'inhiber le travail prématuré. 
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Abstract 
Premature birth is a steadily increasing major medical problem, in spite of efforts 
made to counter the onset of preterm contractions. 
This thesis describes the rational design of a new therapeutic agent (i.e., tocolytic) 
capable of 1) stopping uterine contractions, and 2) prolonging gestation. The prostaglandin 
F2α receptor was explored for tocolytic development and a peptidomimetic approach was 
developed to produce modulators of this novel target. 
A brief discussion introduces the impact of preterm birth and history on the design 
and synthesis of a peptide lead, PDC113, to address this unmet medical need.  
Subsequently, the peptidomimetic approach is described for converting PDC113 to the 
small molecule PDC113.824, which was shown to be an allosteric modulator of 
prostaglandin F2α receptor, which mediates intracellular signalling pathways involved in 
uterine contraction. 
This thesis presents the design, synthesis and structure-activity relationship study of 
the peptide mimic PDC113.824, in which we have replaced the central β-turn mimic 
moiety, the indolizidin-2-one amino acid, by a series of other previously reported 
azabicycloalcane turn mimics and novel aza-amino acids. To accomplish the latter, new 
solution-phase methods for synthesizing aza-glycyl-proline analogs were developed starting 
from diphenyl hydrazone and p-nitrophenyl chloroformate. This strategy has surmounted 
side reactions such as the intramolecular cyclization commonly obtained with traditional 
coupling reactions employing alkyl-carbazates and phosgene, facilitating access to aza-
glycyl-proline derivatives by a one step reaction. The modification of the aza-glycyl-proline 
using conventional strategies led to a new Smac mimic (a proapoptotic molecule), with 
potential as a tetrapeptide activator of apoptosis in cancer cells. 
Subsequently, we focused on the diversification of the aza-glycine residue by 
selective alkylation using different alkyl halides in the presence of potassium tert-butoxide. 
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To validate the alkylation protocol, various alkyl groups were employed, and the usefulness 
of the resulting aza-dipeptides as ''building blocks'' was examined. Conditions were 
developed for selectively unmasking the protecting groups at the N- and C-terminal of the 
aza-dipeptide. In addition, removal of the amine protection of aza-alkylglycyl-proline 
methyl ester gave access to a class of compounds with therapeutic potential, the aza-
diketopiperazines (aza-DKP), by intramolecular cyclization. 
Finally, our interest in developing a new tocolytic agent led us to develop a new 
solution-phase synthetic route to PDC113.824 for elucidating the intracellular signalling 
pathways of prostaglandin F2α receptor. To explore the importance of stereochemistry and 
to study the relationship between structure and activity, we replaced the central indolizidin-
2-one (I2aa) of PDC113.824 by a series of others azabicycloalcanes and aza-dipeptides. The 
D-I2aa, quinazolidinone and indolizidin-9-one analogs were synthesized and incorporated 
into the mimic; however, none exhibited activity neither in vitro nor ex vivo, thus indicating 
the importance of a type II' β-turn for maintaining biological activity of PDC113.824. 
Finally, the synthesis of a series of aza(alkyl)glycyl-prolyl analogs led to new allosteric 
modulators of the PGF2α receptor, one containing aza-glycine and another aza-
phenylalanine.  
This results reported in this thesis have contributed to the development of novel 
agents with promise for inhibiting preterm labor by the conception and application of new 
methods for making aza-peptides. 
 
Keywords : peptidomimetic, azabicylcoalkane, aza-amino acid, azapeptide, allosterism, 
tocolytic, prostaglandin F2α, G protein-coupled receptor, premature delivery. 
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2 
1.1 La prématurité: un besoin thérapeutique non comblé 
Les accouchements prématurés constituent un problème majeur de nos jours. En 
effet, ils sont responsables de 75% de la mortalité et de la morbidité périnatales dans les 
pays développés.1 Par définition, on considère comme prématurés les nourrissons âgés de 
moins de 37 semaines, et comme grands prématurés ceux âgés de moins de 32 semaines.2 
La distinction entre prématurité et interruption spontanée de grossesse varie selon les pays, 
toutefois un âge gestationnel de 22 à 24 semaines est généralement accepté, ce qui 
correspond à un poids fœtal moyen de 500 g.2 Dans les pays développés, le taux 
d'accouchement prématuré varie de 5 à 13%.3,4 Malgré une meilleure connaissance des 
facteurs de risque ainsi que des mécanismes relatifs aux contractions prématurées, et en 
dépit de l'introduction de programmes de prévention de santé publique, le taux 
d'accouchements prématurés a augmenté dans la plupart des pays industrialisés, notamment 
aux Etats-Unis, passant de 9,5% en 1981 à 12,7% en 2005.5,6 
Comparativement aux naissances menées à termes, les taux de mortalité infantile 
sont respectivement de 15 à 75 fois plus grands pour les prématurés et les grands 
prématurés.7 En plus des risques de morbidité et d'invalidité associés à la prématurité,8-10 
les nourrissons de faible poids présentent généralement des troubles neurologiques,11 des 
complications respiratoires et gastro-intestinales,10,12,13 ainsi que des maladies chroniques 
telles que l'hypertension et la dyslipidémie.14,15 En outre, les soins hospitaliers associés à la 
période néonatale sont parmi les plus coûteux. En 2001, 8% des 4,6 millions des 
nourrissons ayant été hospitalisés étaient prématurés, les frais associés ont totalisé 5,8 
milliards de dollars, ce qui représente 47% des coûts de toutes les hospitalisations pour 
nourrissons et 27% de tous les séjours en pédiatrie.16 En effet, les bébés prématurés restent 
hospitalisés en moyenne 12,9 jours, ce qui représente environ 15 100 $/ enfant par rapport à 
600 $ et 1,9 jours pour les nouveaux nés à termes.16 Ces statistiques suggèrent que de 
grandes économies pourraient être réalisées à la fois par de la prévention mais surtout par 
l'émergence d'un traitement efficace permettant de prolonger la gestation. 
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Le taux d'accouchements prématurés est associé à divers facteurs de risques 
épidémiologiques et cliniques, cependant plus de 45% sont dus à des contractions 
spontanées5 dont les causes sont inconnues.5,17,18  
1.1.1 Agents tocolytiques  
Au cours de la dernière décennie, de nombreux efforts ont été déployés afin de 
réduire la morbidité et la mortalité associées à la prématurité. Bien que les facteurs de 
risque puissent être réduits par de la prévention, une fois que le travail est déclenché, le 
temps devient le facteur limitant le plus important. C'est pourquoi, un médicament efficace 
supprimant les contractions utérines (agent tocolytique) est indispensable.19 Les agents 
tocolytiques sont utilisés pour prolonger la gestation chez les femmes présentant de graves 
risques d'accouchements avant terme causés principalement par un travail prématuré.  
Le mécanisme de déclenchement de la parturition est relativement bien connu chez 
les mammifères et les primates, cependant la séquence précise des événements chez 
l'Homme reste floue.20 Les processus moléculaires et cellulaires sont complexes et mal 
compris4,21-23 mais de nombreuses voies ont été élucidées au cours des 10-15 dernières 
années. Les efforts visant à inhiber les contractions utérines au début du travail ont mené à 
l'apparition d'agonistes de la voie utérorelaxante et d'antagonistes de la voie utérotonique.  
Plusieurs classes de médicaments sont utilisées comme agents tocolytiques en 
Europe et/ou aux États-Unis, parmi ceux-ci, on retrouve des agonistes bêta-adrénergiques, 
des inhibiteurs calciques, des inhibiteurs de la voie de synthèse de la prostaglandine 
synthétase, et le sulfate de magnésium (Figure 1.1). Les agonistes β2-adrénergiques 
[Ritodrine® et la terbutaline (Bricanyl®)] sont généralement administrés en clinique et 
retardent l'accouchement de 48h. Leur utilisation a cependant été associée à des effets 
indésirables tels que des palpitations, et un risque élevé d'œdèmes pulmonaires, d'ischémie 
myocardique et d'arrhythmie.24 Le sulfate de magnésium a montré une efficacité similaire à 
la terbutaline25 et peut être mieux toléré, cependant ses effets secondaires tels qu'une 
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dépression respiratoire, voire un arrêt cardiaque doivent être suivis de près. De plus, le 
magnésium traverse la barrière placentaire et peut entraîner une dépression respiratoire et 
motrice chez le nouveau né, c'est pourquoi il a été interdit d'utilisation en Europe.25 Les 
anti-inflammatoires non stéroïdiens comme l'indométacine (Indocid®) utilisés comme 
inhibiteur de la COX-2 (cyclooxygénase 2) sont maintenant déconseillés en pratique 
obstétricale à cause de la multitude d'effets secondaires à conséquence létale qu'ils 
entraînent sur le fœtus.26 L'antagoniste de l'ocytocine, l'Atosiban (Tractocile®)27 a été 
approuvé en Europe et prolonge la grossesse d'environ 48h avec beaucoup moins d'effets 
indésirables que les bêta-mimétiques. Toutefois, il ne permet pas d'éviter l'hypotension et 
ne peut donc pas aider à réduire le niveau de monitorage,28 de plus un large éventail de 
facteurs limitent son utilisation.29 Enfin, les inhibiteurs de canaux calciques (nifédipine)30 
retardent de manière efficace le travail entre 2 à 7 jours avec un rapport bénéfice/risque 
optimal.31 En 2002, une méta-analyse examinant 12 études aléatoires impliquant 1029 
femmes a permis de conclure que la nifédipine est plus efficace et plus sûre que la ritodrine, 
cependant ses contre-indications incluent une allergie à la nifédipine, l'hypotension et une 
dysfonction hépatique.30 
 
Figure 1.1 Exemples de médicaments utilisés comme agents tocolytiques 
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Les agents tocolytiques tels que les inhibiteurs calciques et les antagonistes de 
l'ocytocine s'avèrent les plus efficaces car ils peuvent arrêter les contractions utérines, 
cependant ils ne peuvent généralement pas prolonger la gestation de plus de 48h.32 Une 
alternative à ces cibles thérapeutiques est les inhibiteurs du récepteur de la prostaglandine 
F2α qui semblent être plus efficaces à la fois pour inhiber les contractions utérines et 
retarder l'accouchement avec seulement quelques effets indésirables.32,33 
1.1.2 La prostaglandine F2α  et son récepteur: une cible de choix  
Deux hormones sont impliquées dans le déclenchement de la parturition et du 
travail. D'une part, l'ocytocine (OT), un nona-cyclopeptide couramment utilisé pour 
déclencher le travail chez les mammifères;34 et d'autre part, la prostaglandine F2α (PGF2α) 
connue pour initier le travail et induire l'accouchement.35 Le récepteur de la PGF2α (FP) 
est apparu comme une cible idéale pour la conception d'un nouvel agent tocolytique et ce, 
pour deux raisons précises, 1) son expression augmente pendant la phase initiale du 
travail;36 2) les souris ''knock-out'' pour le FP ne sont pas capables d'accoucher.37 Au 
contraire, l'ocytocine et son récepteur ne sont ni impliqués dans les phases précoces de 
l'accouchement,38 ni indispensables au travail.39,40  
Le FP est un membre de la grande famille des récepteurs à 7 domaines 
transmembranaires aussi appelés récepteurs couplés aux protéines G (RCPG). Ces 
récepteurs jouent un rôle capital dans la transduction du signal chez les cellules eucaryotes 
et ce faisant, sont devenus d'une grande importance du point de vue pharmacologique, au 
point de devenir la cible d'environ la moitié des principaux médicaments utilisés 
actuellement.41,42 Ces récepteurs sont impliqués dans de nombreuses fonctions biologiques 
indispensables au maintien de l'homéostasie et ont la capacité de pouvoir être modulés par 
de petites molécules de façon allostérique. 
La modulation allostérique des RCPGs a été perçue comme une approche 
alternative pour le développement de nouveaux médicaments parce que les composés 
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allostériques, qui par définition se lient à des sites topologiquement distincts de ceux des 
ligands endogènes, peuvent offrir des avantages par rapport aux ligands orthostériques 
comme une réduction des effets secondaires en raison d'une meilleure sélectivité et d'une 
courte durée d' action.43,44 
Dans notre laboratoire, des peptides et des mimes peptidiques ont été conçus afin de 
moduler le récepteur de la PGF2α via un mécanisme d'action allostérique ayant aussi pour 
but d'élucider les voies de signalisation cellulaire impliquées,45 et d'accéder à une nouvelle 
classe d'agents tocolytiques efficaces et sans danger. 
1.1.3 Le PDC113, peptide inhibiteur du récepteur de la PGF2α46,47 
Le récepteur de la rhodopsine est le récepteur prototype de la superfamille des 
récepteurs couplés aux protéines G. Depuis l'élucidation de sa structure cristalline48 en 
2000, 6 autres structures de RCPGs ont été cristallisées et ce, en présence de différents 
ligands.49 Ces récepteurs, qui sont responsables de nombreuses activités biologiques, sont 
la cible de près de 40% des médicaments actuellement sur le marché.41,42 Les informations 
obtenues sur leurs conformations actives induites par différents ligands à des sites 
spécifiques constituent un outil important afin d'élucider les mécanismes de signalisation 
intracellulaire ainsi que les relations structure-activité relatives aux RCPGs.50  
Ces résultats appuyés par des études de mutagénèses aléatoire et dirigée51 ont 
suggéré que la seconde boucle extracellulaire des RCPGs est fortement repliée et joue un 
rôle essentiel dans la formation du site de liaison pour les molécules endogènes.52 En 
basant leur conception sur la deuxième boucle extracellulaire du FP (Figure 1.2), quelques 
courts peptides ont été synthétisés et testés lors d'essais in vitro, ex vivo et in vivo au cours 
desquels le PDC113 (D-peptide: ilghrdyk) a été sélectionné.47 Des expériences de liaison au 
récepteur ont révélé que le PDC113 se liait spécifiquement au FP mais sur un site différent 
de celui de la PGF2α (encore non élucidé à ce jour).47 De plus la quantification de son 
activité inhibitrice sur la micro-vascularisation oculaire porcine a révélé que le PDC113 
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(100 µM) réduisait à plus de 80% la réponse vasomotrice induite par la PGF2α (même à 
hautes concentrations) avec une IC50 de 340 nM (concentration pour laquelle 50% de la 
contraction induite par 100 nM de PGF2α est inhibée; ce qui correspond à la puissance du 
peptide dans cette étude).47 Aucun effet antagoniste du PDC113 n'a été observé en présence 
d'autres vasoconstricteurs connus du muscle lisse.47  
 
 
 
 
 
 
 
Figure 1.2 Deuxième boucle extracellulaire du récepteur de la PGF2α et PDC113 
Avec cet antagoniste puissant et sélectif, réversible et non compétitif en mains, la 
réponse contractile du myomètre de souris gestantes (ex vivo) a été mesurée.47 Le peptide 
s'est montré efficace pour bloquer les contractions utérines spontanées et dissiper 
rapidement et efficacement celles induites par la PGF2α (Figure 1.3A).47 L'effet 
tocolytique du PDC113 in vivo a également été mesuré sur un modèle de souris gestantes.47 
Les souris pour lesquelles le travail a été induit par une injection d'endotoxine 
lipopolysaccharide (LPS) à 15 jours ont toutes accouché dans les 12h suivantes (durée 
normale de gestation = 19 jours), celles traitées avec le PDC113 (à 1 mg/ jour/ animal) ont 
accouché dans un délai moyen de 36h (Figure 1.3B).47 
 
 
 
PDC113: 
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Figure 1.3 A. Réduction des contractions myométriales de l'utérus de souris par le PDC113 
B. Effet tocolytique du PDC113 après induction du travail par le LPS; temps moyen (en 
heure) d'accouchement en présence ou non du PDC113.47 
Afin d'identifier des analogues plus efficaces et plus puissants du PDC113, la 
délétion et/ou le remplacement systématique de chaque résidu d'acides aminés par l'alanine 
(balayage d'alanine ou ''Ala-scan''), leur énantiomère ou par des acides aminés à chaînes 
latérales homologues ont été réalisées.46 Les dérivés peptidiques ainsi obtenus ont été testés 
dans des essais de contractilité microvasculaire oculaire de porc (tels qu'énoncés pour le 
PDC113).46 À partir de cette banque de peptides, le PDC31 (pour lequel l'arginine est 
remplacée par la citrulline) a présenté une meilleure efficacité que le peptide parent avec un 
pourcentage d'inhibition sur la contractilité vasculaire >85%, et une puissance accrue (IC50 
= 13 nM).46 Le PDC31 a également diminué de manière efficace les contractions utérines 
de la souris (ex vivo), de plus, une réduction d'une ampleur similaire a été observée sur des 
modèles animaux bovins et ovins.53 Une étude sur son activité tocolytique in vivo a été 
menée dans le même modèle de souris que pour le PDC113 et a révélé un délai 
d'accouchement de 48h (à 0,8 mg/ jour/ animal).46 En outre, l'équipe d'Olson53 a également 
testé le PDC31 in vivo sur le mouton et a conclu que l'inhibition de l'effet de la PGF2α par 
le PDC31 est une approche efficace et apparemment sans danger pour retarder le travail et 
prolonger la gestation chez les ovins. Son effet sur le récepteur de la PGF2α a également 
été déterminé sélectif et réversible, ce qui en fait un agent tocolytique potentiellement 
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attrayant pour le traitement immédiat du travail prématuré (le PDC31 est actuellement en 
essais cliniques: PDC Biotech GmbH; Q4-Q2 2010-11, www.pdcbiotech.com). 
Bien que la preuve définitive d'un mécanisme d'action allostérique n'ait pas encore 
été obtenue, selon toute probabilité, le PDC113 et le PDC31 se lient et interfèrent avec le 
repliement normal du récepteur de la PGF2α de manière sélective, réversible et non 
compétitive, ''désactivant'' la fonction du récepteur en présence de son ligand naturel.46  
1.2 Le peptidomimétisme: un outil de chimie médicinale  
L'objectif du développement de nouveaux agents thérapeutiques est de plus en plus 
difficile à atteindre. Le médicament idéal serait une petite molécule de faible poids 
moléculaire, soluble et capable de mimer chimiquement et structurellement presque 
parfaitement un ligand naturel et pouvant être rapidement éliminée de l'organisme après son 
action, mais sans effets secondaires.54,55 En outre, sa production devrait être facile et peu 
coûteuse. Enfin, son administration au patient devrait être aussi facile que possible.54,55 Les 
peptides offrent de nombreux avantages par rapport à d'autres petites molécules 
traditionnellement utilisées comme médicaments dont leur efficacité, une plus grande 
sélectivité et spécificité envers une cible donnée,56 et une toxicité négligeable en raison de 
leur courte demi-vie et le fait que leurs produits de dégradation soient des acides aminés.57 
Cependant, ils présentent de nombreuses limitations quant à leur exploitation en tant qu'  
agents thérapeutiques comme leur taille, leurs propriétés pharmacocinétiques médiocres 
telle que leur instabilité face aux enzymes protéolytiques digestives et plasmatiques, leur 
aptitude limitée à traverser les membranes physiologiques due à leur hydrophilicité, leur 
faible biodisponibilité orale limitant leur administration par voie intraveineuse et leur coût 
de production élevé.55 
Par conséquent, notre étude s'est naturellement dirigée vers le peptidomimétisme 
ayant pour but d'obtenir un mime de faible poids moléculaire capable de 1) mimer l'activité 
du PDC31 tout en améliorant ses propriétés pharmacocinétiques et ce, sans sacrifier son 
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efficacité, 2) servir d'outil d'étude du FP afin de déterminer quelles sont les voies de 
signalisation intracellulaire impliquées dans la contraction des cellules musculaires lisses 
utérines. 
1.2.1 Qu'est ce que le peptidomimétisme? 
Comme discuté précédemment, la faible biodisponibilité des peptides est due en 
grande partie à leur biodégradabilité par les enzymes gastro-intestinales, plasmatiques et 
tissulaires. De plus leur sortie rapide du système circulatoire limite également leur 
utilisation thérapeutique. Diverses stratégies ont été développées par les chimistes 
médicinaux aux cours des dernières décennies afin de dépasser ces limitations. L'une de ces 
méthodes est le peptidomimétisme qui a pour but d'accéder à de petites molécules non 
peptidiques mimant les propriétés bioactives du peptide parent.58 Ces petites molécules sont 
appelées mimes peptidiques. 
Le développement d'un médicament à partir d'un peptide parent naturel (ou obtenu 
par chimie combinatoire) passe généralement par une série d'étapes. La première est la 
recherche du segment bioactif le plus court (le PDC113 dans notre cas) suite à 
l'identification de la cible (2nde boucle extracellulaire du FP). La deuxième, est l'étude 
systématique de chaque résidu et de leur chaîne latérale par des délétions ponctuelles, un 
balayage d'alanine ou d'acides aminés énantiomères (PDC31). Puis des substitutions par des 
résidus à chaînes latérales homologues, par d'acides aminés non naturels etc. permettent 
d'identifier les groupes fonctionnels importants impliqués dans les interactions avec la cible 
d'intérêt. La troisième étape passe par des modifications plus spécifiques et plus profondes 
qui permettent d'identifier les pharmacophores essentiels à l'activité et d'étudier la relation 
structure/ activité des mimes. Parmi ces modifications, on retrouve la N-méthylation,59 la 
Cα-méthylation,59 la modification de la liaison amide (thio-peptides, aza-peptides, 
depsipeptides ou liaison retro-inverso…)55,58,60 ou l'insertion de contraintes stériques telles 
que des analogues de proline,61 des lactames de Freidinger,62 des azabicycloalcanes63,64 ou 
des polypeptides cycliques.63,65  
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Ainsi une première génération de mimes peptidiques a été générée et synthétisée 
permettant d'accéder à de petites molécules biologiquement actives. 
1.2.2 Du PDC113 au PDC113.824, une première génération de mimes 
peptidiques. 
Les études préliminaires structure-activité des dérivés du PDC113, ainsi que la 
connaissance de la séquence de la seconde boucle extracellulaire d'où il provient, ont 
suggéré que les différentes parties du peptide avaient une importance variable sur l'activité 
biologique. Ce qui a conduit aux trois hypothèses suivantes:  
 Premièrement, les résidus N-terminaux D-Ile et D-Leu, ainsi que les résidus C-
terminaux D-Tyr et de D-Lys ont des chaînes latérales qui leur confèrent un caractère 
lipophile;  
 Deuxièmement, la glycine étant le seul acide aminé dépourvu de chaîne latérale 
responsable de la flexibilité des peptides, ainsi que de structures secondaires comme les 
repliements β, le dipeptide central Gly-D-His peut être considéré comme le siège d'un tour 
β (préalablement observé pour les résidus Gly-His de la bombésine66);  
 Enfin, les pertes d'activité biologique observées lors de la substitution systématique par 
l'alanine des résidus arginine et acide aspartique aux positions respectives 5 et 6 ont 
suggéré l'importance de leurs chaînes latérales chargées à pH physiologique.  
Une série d'analogues a donc été synthétisée autour de la (3S, 6S, 7S, 9S)-7-
benzylindolizidin-2-one (BnI2aa)67,68 utilisée pour remplacer le dipeptide Gly-D-His 
considérant qu'il servait de mime rigide de tour β de type II' (Figure 1.4).  
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!  Figure 1.4 Du peptide aux mimes peptidiques  
Basés sur les hypothèses énoncées ci-dessus, les résidus D-Arg et  D-Asp ont tout 
d'abord été maintenus inchangés; les résidus hydrophobes N- et C-terminaux ont été 
respectivement remplacés par une série d'amines et de carboxylates aliphatiques et 
aromatiques (Figure 1.5). Les premiers résultats ont montré que lorsque les résidus N- et C-
terminaux étaient remplacés par des structures de type aromatiques, ils exerçaient une 
meilleure efficacité que les aliphatiques (Figure 1.5).46 Ainsi, le PDC113.594 qui contient 
un phénylacétyle en N-terminal et un fragment benzylamide en C-terminal inhibe la 
réponse vasomotrice avec 86% d'efficacité et une puissance 25 fois supérieure (IC50 = 13,6 
nM) au PDC113 (Figure 1.5).46  
Afin de faciliter l'accès à plus de mimes, le résidu (3S, 6S, 7S, 9S)-BnI2aa obtenu en 
11 étapes (10%) à partir de l'acide (L)-glutamique67,68 a été remplacé par la (3S, 6S, 9S)-I2aa 
synthétisée à en 7 étapes (34%) à partir du même acide aminé.69 Le PDC113.654 résultant a 
montré une efficacité comparable (86%) au PDC113.594, et une puissance 5 fois supérieure 
au PDC113 (Figure 1.5).46 
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!  Figure 1.5 Exemples de mimes peptidiques sélectionnés lors du peptidomimétisme 
Par la suite, l'utilisation de l'I2aa est devenue systématique et a permis d'accélérer le 
criblage des résidus chargés.46 La perte d'activité reliée au remplacement de l'aspartyl 
benzylamide par la 3-phénylpropylamine (PDC113.704) ou la phénylalanine (à 51%; 
PDC113.705) a permis de conclure que le carboxylate en position β du résidu aspartate 
était nécessaire au maintien de l'activité biologique (Figure 1.5).46 Ainsi, le PDC113.706 
dans lequel l'acide  (3S)-amino-5-phénylbutanoïque (ou β-homoPhe) restituent le 
carboxylate en position β inhibe les contractions efficacement (80%) avec une excellente 
IC50 = 1,6 nM (Figure 5).46  
Enfin, l'étude du résidu L-arginine a été réalisée.46 Bien que dans le PDC113 le 
remplacement de la D-Arg par la (D)-citrulline (PDC31) ait donné une augmentation 
significative de l'activité, le remplacement connexe au sein du PDC113.706 a produit peu 
d'effet.46 Les analogues de type pyridylalanine ont quant à eux montré une amélioration de 
l'efficacité non négligeable (>85%) sur la vasoconstriction de la rétine porcine,46 et le 
PDC113.824 contenant la (S)-3-pyridylalanine présentait une combinaison idéale 
d'efficacité (98% d'inhibition) et de puissance (IC50 = 1,1 nM) (Figure 1.5).46 
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En plus des excellents résultats obtenus in vivo chez la souris où il s'est avéré 
capable de retarder l'accouchement des souris induite par LPS de 30h (Figure 1.6), le 
PDC113.824 est devenu le candidat idéal pour l'étude détaillée des mécanismes d'action in 
vitro, en raison de son efficacité, de sa puissance et de son caractère lipophile, qui 
renforcent son utilité pour les essais cellulaires (voir article annexe 1).45  
 
 
 
Figure 1.6 A. Réduction des contractions myométriales de l'utérus de souris par le 
PDC113.824. B. Effet tocolytique du PDC113.824 après induction par le LPS; temps 
moyen en heures. 
1.3 Structure tridimensionnelle et activité biologique  
Comme précédemment mentionné, dans le cadre du développement d'un nouveau 
médicament à partir d'un peptide parent, l'étude systématique de chaque résidu et de leur 
chaîne latérale doit être faite. Ainsi, dans l'approche ''drug-like'' une série de modifications 
au sein du peptide parent ont permis de déterminer l'importance des pharmacophores mais 
également de gagner des informations importantes sur la relation structure/ activité de ces 
molécules. Dans le contexte du peptidomimétisme, des modifications plus spécifiques 
peuvent être introduites comme des contraintes tridimensionnelles servant à orienter 
spatialement les pharmacophores et imposer une conformation spécifique biologiquement 
active au mime peptidique.70 En effet, au cours des processus de reconnaissance 
moléculaire dans les systèmes biologiques, les protéines adoptent des structures secondaires 
du type hélices, tours ou feuillets β.71 
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Depuis les lactames de Freidinger en 1980, de nombreux chimistes médicinaux se 
sont efforcés de concevoir et synthétiser des structures semi-rigides permettant d'introduire 
des contraintes conformationnelles dans un peptide, ce qui s'est avéré présenter de 
nombreux avantages tels que l'augmentation de: 1) sa puissance en raison de la stabilisation 
du conformère biologiquement actif, 2) sa sélectivité par élimination des conformères 
bioactifs qui donnent des réponses biologiques indésirables et par la résistance à la 
dégradation enzymatique.62 De plus, grâce à l'introduction de ces contraintes, des 
informations peuvent être obtenues quant à la conformation biologiquement active d'un 
peptide vis à vis d'un récepteur spécifique. C'est le cas du PDC113.824 pour lequel la (3S, 
6S ,9S)-indolizidin-2-one impose un tour β de type II' à l'ensemble de la molécule.69 Dans 
cette thèse, nous nous sommes intéressés à étudier différents types de tours β capables de 
nous renseigner sur la relation structure du repliement imposé/ activité du récepteur. De 
plus, nous avons élaboré une nouvelle voie de synthèse de nouveaux types de mimes à la 
fois plus flexibles et plus faciles d'accès que l'I2aa. 
1.3.1 Les repliements β  
Un repliement β est une structure secondaire tetrapeptidique pour laquelle la 
distance entre Cαi et Cαi+3 est inférieure ou égale à 7Å. A cette distance un pont hydrogène 
à 10 membres peut exister entre COi et NHi+3. Les différents types de repliements β sont 
caractérisés par leurs angles dièdres ψ2, φ2, ψ3 et φ3 et sont classés par type (Tableau 1.1, 
Figure 1.7). 
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Figure 1.7 Structure d'un tour β 
Tableau I.1 Valeur des angles dièdres de différents tours β 
 
Les études conformationnelles ainsi que les exemples de structures semi-rigides de 
ces mimes de repliement  β ont mis en évidence l'utilité et l'efficacité de ces contraintes.72,73  
Parmi les repliements utilisés en chimie médicinale, on retrouve les lactames de Freidinger-
Veber62,74 et autres lactames,75 des analogues de proline,76-78 et des structures rigides de 
type azabicylcoalcanes.64,67 Tous ces repliements ont fait l'objet d'études approfondies 
revues dans la littérature et se sont montrés efficaces dans le criblage systématique des 
résidus de peptides d'intérêts.63,74-79 
Dans ce contexte, ce projet de thèse a tout d'abord débuté par l'identification du type 
de structure secondaire rigide permettant de maintenir voir d'améliorer l'activité biologique 
du PDC113.824 vis à vis du récepteur FP. Le mime sélectionné a été par la suite utilisé 
comme outil afin de déterminer les voies de signalisation intracellulaires impliquées 
relatives aux changements conformationnels du FP en présence de ses différents ligands. 
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Puis nous avons élaboré la synthèse d'un mime du repliement identifié à la fois moins rigide 
et plus facile d'accès qui maintient une bonne activité biologique. Enfin, ces repliements ont 
été introduits dans le peptide cible et testés biologiquement en tant que nouveaux agents 
tocolytiques potentiels. 
1.3.2 Les azabicycloalcanes 
Au sein de différents groupes de recherche dont ceux des professeurs Hanessian et 
Lubell, le développement de nouveaux mimes de repliement β a permis la conception et la 
synthèse d'azabicycloalcanes (structures pseudo-dipeptidiques rigides) mimant différents 
types de tours β comme le montre la valeur des angles dièdres mesurés par diffraction des 
rayons X (Figure 1.8).69,78,80-82  
!  
Figure 1.8 Exemples d'azabicycloalcanes développés dans le groupe du Professeur Lubell 
et leurs angles dièdres69,78,80-82 
Chacun de ces bicycles induit un tour  β de type II' mais avec des angles φ et ψ 
suffisamment différents pour orienter le reste de la chaîne peptidique dans une 
configuration spatiale spécifique. Ces bicycles ont prouvé leur efficacité notamment lors de 
l'étude structure/ activité de l'hexapeptide antagoniste du récepteur ''Opioïd receptor like 1''' 
(ORL1).83 En effet, le remplacement de la thiaindolizidinone par différents 
azabicyclo[X.Y.0]alkanes a permis d'identifier un antagoniste sélectif au récepteur ORL1 
vis-à-vis des autres récepteurs opioïdes contenant une quinolizidinone (Qaa).83  
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Nous nous sommes donc tout naturellement intéressés à cribler le repliement β de 
type II' induit par l'I2aa au sein du PDC113.824. L'avantage de ce type de criblage est qu'il 
permet d'identifier la conformation exacte qui maintient l'activité désirée tout en améliorant 
ses caractéristiques pharmacologiques et pharmacocinétiques. De plus, considérant le 
caractère potentiellement allostérique des ligands visés, de petites modifications pourraient 
influer de telle façon sur le récepteur et ses différentes conformations qu'il permettrait de 
mieux appréhender, voire cibler spécifiquement les voies de signalisation intracellulaire 
impliquées.  
Tout d'abord, nous voulions savoir si le tour β de type II' induit par la (3S, 6S, 9S)-
I2aa était effectivement indispensable à l'activité. Le remplacement de la forme L de 
l'indolizidin-2-one par son analogue D [(3R, 6R, 9R)-I2aa] n'a montré aucun effet inhibiteur 
sur le myomètre de souris (article annexe 2).84 Ce résultat nous a suggéré que le tour β de 
type II' présentait les pharmacophores du PDC113.824 dans une disposition spatiale requise 
à la fixation au récepteur et était indispensable à l'activité inhibitrice de ce dernier. Par la 
suite, le remplacement de l'I2aa par l'I9aa et la Qaa qui maintiennent le tour β de type II' n'a 
révélé aucune activité (chapitre 4, article 3). 85 
Ces résultats nous ont permis de conclure que les angles φ et ψ induits par l'I2aa 
permettent d'orienter le reste de la chaîne pseudo-peptidique dans une conformation 
spécifique lui permettant d'accéder à sa conformation 3D active mais également de se fixer 
au site allostérique spécifique du récepteur FP qui permet d'inhiber l'activité contractile des 
cellules musculaires lisses et ce, en présence de son ligand naturel. C'est pourquoi le 
PDC113.824 nous a servi de composé maître (lead compound) afin d'étudier les voies de 
signalisation intracellulaires impliquées dans la contraction utérine induite par la PGF2α 
sur son récepteur (article annexe 1).45  
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1.3.3 Elucidation des voies de signalisation intracellulaire du récepteur 
FP 
Afin d'effectuer tous les essais nécessaires à l'élucidation des voies de signalisation 
impliquées dans la contraction utérine induite par la PGF2α et l'inhibition du FP en 
présence de la PGF2α par le PDC113.824, il nous a tout d'abord fallu optimiser la synthèse 
du mime peptidique tant en rendement qu'en rentabilité (quantité obtenue).85 En effet, la 
voie de synthèse initiale étant sur support solide (résine oxime) le rendement global de 
synthèse était de 2% avec une quantité maximale ne pouvant excéder 5 mg du fait que les 
résidus utilisés, considérés précieux, ne pouvaient être utilisés en excès. Une approche 
alternative en solution a donc été développée et nous a permis d'augmenter le rendement 
global de la synthèse à 17% (30 mg) applicable à une plus grande échelle (chapitre 4, 
article 3).85 
C'est en étroite collaboration avec les laboratoires de pharmacologie des Professeurs 
Audrey Claing (université de Montréal), Stéphane Laporte et Terence Hébert (université 
Mc Gill) que nous avons pu élucider les voies de signalisation intracellulaire du récepteur 
FP impliquées dans le processus de contraction myometriale.45 Cette étude nous a permis 
de déterminer l'effet ''bias signalling'' allostérique du PDC113.824 c'est à dire un double 
effet de signalisation cellulaire via deux protéines G et ce, simultanément (Figure 1.9). En 
effet, la PGF2α est capable d'induire un changement de conformation du récepteur qui va 
aller activer la protéine Gαq fixée sur sa partie C-terminale. Cette protéine G va activer à 
son tour la phospholipase C membranaire qui va elle-même augmenter la concentration 
intracellulaire des messagers secondaires IP3 (inositol triphosphate) responsable de 
l'augmentation de la concentration intracellulaire de calcium et DAG (diacyl glycérol) 
responsable de l'activation des protéines kinases Erk1/2 (enzymes appartenant à la famille 
des MAPkinases qui, via une cascade de phosphorylations, activent d'autres protéines 
jusqu'aux facteurs de transcription responsables de la prolifération cellulaire) (Figure 1.9). 
D'autre part, la PGF2α active la protéine Gα12/13 qui elle va stimuler la réorganisation du 
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cytosquelette via la voie de signalisation Rho/ROCK, donc favorise la contraction cellulaire 
et le ''ruffling'' (ondulation membranaire). En présence de la prostaglandine F2α, le 
PDC113.824 est capable de moduler positivement la voie de signalisation Gαq et 
négativement Gα12/13.45 Ce qui signifie que le mime peptidique PDC113.824 potentialise 
l'effet de la PGF2α sur la voie des MAP kinases tout en inhibant le ''ruffling'' cellulaire, 
autrement dit, il favorise la conformation du récepteur dans laquelle ce dernier se lie et 
active la protéine Gαq et en même temps défait le complexe récepteur Gα12/13.45 En 
bloquant l'activation des MAP kinases, nous n'avons observé aucun effet significatif sur le 
''ruffling'' membranaire (i.e. sur la voie de signalisation Gα12-Rho-ROCK) ni sur la 
contraction myométriale. De même, en inhibant seulement la protéine Rho nous avons 
observé que seul le réarrangement du cytosquelette était affecté, mais pas l'activation de 
Erk1/2.45 De plus, l'activation de Rho est accrue dans le myomètre durant la grossesse et 
l'inhibition de ROCK bloque le travail induit prématurément (par PGF2α ou LPS) chez les 
souris.45 Nous avons également pu mettre en évidence que ces deux voies de signalisation 
sont indépendantes.45 Cette étude nous a permis de conclure de l'importance de la voie 
Gα12-Rho-ROCK dans la contraction myométriale et de conclure que les MAP kinases 
jouaient un rôle mineur dans la parturition (rôle qui doit encore être déterminé).45 Cet effet 
''bias-signalling'' d'un ligand allostérique capable d'être spécifique à un récepteur et sélectif 
à une voie de signalisation constitue un concept encore inexploité en chimie médicinale. En 
effet, l'utilisation clinique de composés allostériques attire de plus en plus l'attention des 
chimistes car ces modulateurs peuvent être utilisés à des concentrations saturantes sans 
induire d'effets néfastes (leurs effets n'étant révélés qu'en présence du ligand endogène).86 
La conception de ligands allostériques à effet ''bias-signalling'', comme dans le cas 
de PDC113.824, offre non seulement l'avantage d'une spécificité pour un RCPG unique, 
mais aussi la sélectivité pour un sous-ensemble spécifique de voies de signalisation, ce qui 
réduit d'avantage les risques d'effets indésirables.45  
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Figure 1.9 Effet ''bias-signalling'' du PDC113.824 sur le FP en présence de la PGF2α45  
Parallèlement à cette étude nous nous sommes intéressés au développement d'un 
nouveau mime de tour β qui serait capable de remplacer l'I2aa tout en maintenant ses 
propriétés physico-chimiques et pharmacologiques au sein du mime peptidique. En effet, 
les azabicycloalcanes bien qu'utiles sont à la fois longs et coûteux à synthétiser; nous nous 
donc sommes intéressés aux azapeptides plus flexibles et plus faciles d'accès. 
1.3.4 Les azapeptides – mimes de repliements β  
Les aza-peptides sont des analogues dans lesquels le carbone α d'un ou plusieurs 
résidus d'acides aminés sont remplacés par un azote (Figure 1.10). De nombreuses études 
de modélisation moléculaire et d'analyses cristallographiques aux rayons X ont suggéré 
qu'ils étaient également capables d'adopter des conformations de type tour β.87-89 Depuis le 
premier aza-peptide (aza-Gly-aza-Gly-NH2) synthétisé par Stollé90 en 1910, nombres d'aza-
peptides ont montré une amélioration des propriétés pharmacocinétiques du peptide parent 
notamment grâce à leur stabilité face aux enzymes digestives.91  
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Figure 1.10 Représentation d'un acide aminé dans un peptide et d'un acide aza-aminé dans 
un aza-peptide 
En effet, l'introduction d'un aza-résidu permet de réduire la flexibilité du peptide 
parent passant d'une liaison Cα-C(O) à libre rotation à un lien urée. De plus, la répulsion 
électronique des deux paires d'électrons des azotes voisins restreint la mobilité des angles φ 
maintenant la molécule dans une conformation plus stable en élevant la barrière énergétique 
de rotation.92 Ces deux azotes, dont les paires d'électrons se repoussent avec un angle de 
90°, adoptent une structure pyramidale éclipsée stabilisée par des liaisons hydrogènes93 qui 
poussent le lien C(O)-N à adopter une conformation cis.89  
L'incorporation d'aza-acides aminés au sein de peptides aux positions i+1 ou i+2 
s'est avérée favoriser des géométries tour β de type I, II ou VIb dépendamment de la 
séquence peptidique.87,89 L'aza-glycine a notamment montré l'aptitude d'induire un tour β 
de type I (ou I') lorsqu'elle est en position i+2.94  
Dans le PDC113 (peptide parent) l' I2aa a permis de mimer la glycine et son résidu 
voisin (D-His). La glycine a en effet la particularité d'induire un tour β de type II' lorsqu'en 
position i+1.95 Par corrélation, l' I2aa peut être considérée comme un dipeptide rigide de la 
Gly-Pro (Figure 1.11), ce dipeptide ayant une forte probabilité d'introduction d'un tour β de 
type II'.96 Lors d'une étude antérieure du ''calcitonin gene-related peptide'' (CGRP, peptide 
naturel vasodilatateur), notre groupe a démontré que le remplacement de la portion Gly33-
Pro34 du peptide antagoniste [D31, P34, F35] CGRP27-37 par aza-Gly33-Pro34 s'avérait être 10 
fois plus puissant que le dit antagoniste.97 Pour toutes ces raisons, le remplacement de l' 
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I2aa par l'aza-Gly-Pro nous a semblé une alternative intéressante à l'azabicycloalcane rigide 
(Figure 1.11).  
 
Figure 1.11 De l'I2aa à l'aza-Gly-Pro (où R= H) 
Parce que l'aza-Gly est plus flexible et plus facile d'accès que l'I2aa, et qu'elle a le 
potentiel d'être substituable sur l'hydrogène de façon directe et sélective offrant ainsi une 
grande diversité de chaînes latérales, nous nous sommes penchés sur une nouvelle voie de 
synthèse d'aza-peptides contenant l'aza-glycine.  
Tout d'abord nous avons développé une nouvelle voie de synthèse en solution de 
l'aza-Gly-Pro afin de faciliter son introduction au sein d'un peptide d'intérêt biologique 
(chapitre 2, article 1).98 Cette étude a mené au développement d'un nouveau groupement 
protecteur de type hydrazone qui présente plusieurs avantages. En effet, c'est une voie de 
synthèse peu coûteuse qui utilise la diphénylhydrazone commerciale comme produit de 
départ permettant d'introduire l'aza-glycine avec d'excellents rendements au sein d'un 
peptide. Elle  permet également d'éviter la formation de produits secondaires de cyclisation 
comme l'hydantoïne ou l'oxadiazolone communément obtenues lors des approches 
précédentes99-101 et évite l'utilisation du phosgène comme agent activant. Les autres voies 
de synthèse utilisées dans la littérature en synthèse peptidique sont revues au chapitre 2. 
Enfin, l'hydantoïne est facilement clivée par hydrolyse acide douce. 
La diphénylhydrazone permet également d'effectuer l'alkylation directe et sélective 
de l'azote central donnant ainsi accès à une variété d'aza-dipeptides. L'étude sur la 
diversification de l'aza-glycine est rapportée au chapitre 3. Différentes voies de protections 
des parties N- et C-terminales ont été également explorées afin de développer une approche 
Chapitre 1 
 
 
24 
monomérique permettant d'utiliser l’aza-dipeptide comme ''building block'' (Figure 1.12; 
chapitre 3, article 2). 
Enfin, l'aza-Gly-Pro et quatre autres dérivés aza-alkylglycyl-proline ont été 
introduits au sein du PDC113.824 à la place de l'I2aa utilisant les voies de synthèse décrites 
aux chapitres 2 et 3. Ces dérivés ont été testés lors d'essais in vitro et ex vivo et ont montré, 
notamment pour l'aza-Gly-Pro et l'aza-Phe-Pro une activité similaire au PDC113.824 
donnant ainsi accès à une nouvelle génération d'agents tocolytiques à la fois plus facile 
d'accès et aisément diversifiables (chapitre 4, article 3).  
 
 
Figure 1.12 Représentation schématique de l'introduction de l'aza-Gly dans un dipeptide et 
diversification par alkylation directe et sélective 
 
1.4 Projet de recherche 
Cette thèse avait pour but de compléter l'étude structure-activité du mime 
PDC113.824 en y intégrant différents types de tour β afin de déterminer la structure 
secondaire qui présente la meilleure activité biologique.   
Le chapitre 2 (article 1, publié) présente une nouvelle méthode de synthèse du 
dipeptide de l'aza-glycyl-proline en solution qui utilise une hydrazone comme groupement 
protecteur minimisant ainsi les risques de réactions secondaires. Afin de valider son 
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utilisation, nous avons procédé à l'insertion de ce dipeptide au sein d'une cible d'intérêt 
biologique, un peptide activateur de l'apoptose dans les cellules cancéreuses.  
Le chapitre 3 (article 2, publié) présente une nouvelle voie de synthèse directe et 
sélective d'aza-amino acyl-(L)-proline en solution à partir d'aza-glycyl-(L)-proline. Dans ce 
chapitre, nous montrons que ces différents mimes dipeptidiques substitués peuvent servir 
de synthons pour des approches de synthèse par fragment (''sub-monomer''), que ce soit par 
leur partie N-terminale ou C-terminale. 
L'introduction de divers types d'azabicycloalcanes ainsi que des dérivés de l'aza-
Gly-Pro dans le PDC113.824 à la place de l'I2aa est reportée au chapitre 4 (article 3, 
publié). Cette étude a permis de mettre en évidence la nécessité d'un mime de tour β de 
type II' (articles en annexe) pour le maintien de l'activité biologique. De plus elle a permis 
de découvrir une nouvelle génération d'agents tocolytiques de type ''aza-peptides'' 
maintenant une excellente efficacité sur l'inhibition des contractions utérines, d'accès et de 
diversification plus facile et rapide. Ce chapitre présente également une synthèse en 
solution plus efficace du PDC113.824 qui a permis d'accéder à l'élucidation des 
mécanismes biochimiques reliés aux changements conformationnels du récepteur FP induit 
par un ligand allostérique (article en annexe). Ces derniers ont montré une double action du 
PDC113.824 à la fois sur la protéine Gαq (qui par l'intermédiaire de l'IP3 active la libération 
du calcium dans la cellule) et sur la voie de signalisation G12-Rho-ROCK qui promeut la 
réorganisation du squelette d'actine et donc le ''ruffling'' cellulaire (ondulation de la 
membrane plasmique).  
Cette thèse a donc mené, dans le cadre du peptidomimétisme, à concevoir de 
nouvelles méthodes de synthèse d'aza-peptides aux propriétés tridimensionnelles uniques. 
L'utilisation des ces mimes en tant qu'outils d'étude de relation structure-activité a permis 
de développer de nouveaux composés à potentiel thérapeutique afin de contrer la 
prématurité. 
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2.0 Préface  
Le but de cette étude était de trouver une méthodologie alternative d'insertion 
d'azaglycine au sein de peptides qui 1) éviterait l'utilisation excessive de phosgène, 2) 
faciliterait leur diversification in situ en divers résidus aza-alkylglycyl-Xaa et 3) offrirait de 
meilleurs rendements en minimisant les risques de réactions secondaires par cyclisation 
intramoléculaire.  
Comme présenté dans l'introduction, afin d'accéder à une série de dérivés du 
PDC113.824 dont l'indolizidin-2-one centrale serait remplacée par un mime de tour β de 
type aza-alkylglycyl-proline, nous avons tout d'abord utilisé les méthodologies 
anciennement développées dans notre groupe par Rosa Melendez et Damien Boeglin. 
Ainsi, la Boc-NHNH2 ou la Fmoc-NHNH2 activées par le phosgène ont été couplées au 
fragment Pro-PyAla sur résine oxime. Malheureusement l'utilisation de la tert-
butoxycarbonyl hydrazine s'est avérée infructueuse, quant à la Fmoc-NHNH2, ses 
rendements de couplages obtenus après 3 cycles d'activation étaient très insatisfaisants, de 
plus la déprotection du groupement Fmoc en présence de pipéridine a mené à la 
dégradation totale du produit.  
C'est en se basant sur le travail du professeur O'Donnell que David Sabatino a utilisé 
le premier la diphényle hydrazine commerciale comme produit de départ pour l'insertion de 
l'azaglycine dans les azadipeptides AzaGly-GlyOEt et AzaGly-Leu-OMe. Ma contribution 
à ce travail a été d'étudier cette stratégie en solution afin d'évaluer la réactivité de l'azaGly-
Pro en vue d'utiliser ces monomères comme ''building block'' pour une élongation 
peptidique en C- ou N-terminale. J'ai ainsi démontré que l'on pouvait utiliser la proline non 
protégée pour accéder directement au dipeptide diphényle hydrazino-azaGly-Pro avec de 
bons rendements. Son insertion dans le peptide cible PDC113.824 afin de remplacer l'I2aa 
est décrite au chapitre 4.  
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Dans cet article j'ai effectué la synthèse des azadipeptides de type azaGly-Pro et 
synthétisé le mime azapeptidique du Smac. J'ai également écrit cet article dans sa totalité 
sous la supervision du professeur William Lubell. 
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2.1 Abstract 
Aza-glycine has been incorporated into peptide mimics as a tool for studying the 
active conformation and characterizing structure-function relationships for activity. Side 
reactions, such as intramolecular cyclizations to form hydantoins and oxadiazalones, have, 
however, inhibited efforts to make activated aza-Gly residues in solution using carbamate 
protection. Herein, we describe efficient incorporation of aza-glycine into aza-peptides 
using diphenyl hydrazone protection. Hydrazone acylation with p-nitrobenzyl 
chloroformate provided the protected aza-Gly activated ester, which was used to acylate a 
set of amino ester and amino acids to provide aza-Gly-Xaa aza-dipeptide fragments for 
peptide synthesis. Removal of the hydrazone protection was performed under acidic 
conditions to provide the hydrochloride salt of the aza-Gly residue for subsequent 
elongation of the aza-peptide chain using standard coupling conditions. A proof of concept 
for the use of benzophenone protection has been established by the synthesis of an aza-
peptide analog of a potent activator of caspase 9 in cancer cells. 
2.2 Introduction 
Naturally occurring peptides have been shown to be valuable molecules that can 
influence the activity of a desired biological target. Peptides have been important lead 
compounds in drug discovery, albeit with limited applicability due to their poor 
pharmacokinetic properties, including rapid metabolism and low bioavailability. A variety 
of synthetic peptide mimics have been developed to introduce “drug-like” characteristics 
with the goals of enhancing bio-availability, potency, specificity and duration of action.1a-b  
Aza-peptides are peptide analogs that possess an aza-amino acid residue in which 
the α-CH is replaced by a nitrogen atom (Figure 2.1).2 Aza-peptides have been shown to 
adopt β-turn conformers as predicted by computational analyses3-5, and observed by 
spectroscopic5-8 and crystallographic3-8 studies. 
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Figure 2.1 Amino acid and aza-amino acid residues, respectively, in a peptide and aza-
peptide 
Certain aza-peptides have exhibited improved pharmacological properties when 
compared to their parent peptides. For example, the first aza-analog of a natural peptide, 
[aza-Val3]-angiotensin II showed a longer duration of action than its natural counterpart.9 
Structure-activity studies have indicated that such semicarbazide isosteres are able to 
populate biologically active conformers of the native peptide and improve its stability to 
enzymatic degradation by amide bond hydrolysis. Aza-peptides have also served as 
selective cysteine protease inhibitors,10,11,12 including efficient inhibition of papain-family 
proteases; and as a probe for covalent enzyme labeling experiments.13 
Peptides possessing an aza-Gly residue have also exhibited antagonistic and 
agonistic activities on a variety of receptors, including the oxytocin,14 eledoisin,15 and 
luliberin16a-d (luteinizing hormone-releasing hormone, LHRH) receptors. Furthermore, aza-
Gly has been shown to adopt biologically relevant turn conformations in model peptides by 
computational analysis.17  
In light of the abundance of glycine in natural peptides, such as enkephalin, 
oxytocin, LHRH, collagen, and elastin, the development of technology for introducing aza-
Gly into aza-peptides is particularly relevant for exploring structure-activity relationships. 
However, since the first synthesis of an aza-peptide (aza-Gly-aza-Gly-hydrazide by Stollé 
in 1910), the incorporation of aza-Gly in peptides has required challenging solution2 and 
solid-supported chemistry,18,19 which has often been plagued by poor yields and side 
reactions. The most commonly used method for incorporating aza-Gly into peptides has 
involved the addition of a carbazate 1 to either activated carbamate 3 or isocyanate 4 
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derived from the respective amino ester or amide 2 (Figure 2.2).2 In competition with the 
synthesis of aza-Gly peptide 5, amino amide-derived carbamates 3b and isocyanates 4b 
have been observed to form hydantoins 6, due to intramolecular amide acylation (Figure 
2.2).20 
 
Figure 2.2 Common strategies for the synthesis of aza-glycine peptide 5 
Alternatively, activation of carbazate 1 has been used to couple the aza-Gly residue 
to amino esters or amino amides 2. For example, N-acyl (Boc, Cbz and amide) hydrazine 
analogs 1 have been treated with aryl chloroformates2 and carbonyldiimidazole21 (CDI) to 
give activated carbamate intermediates 7, which may acylate an amino ester or amide 2 to 
provide the aza-Gly peptide 5 (Figure 2.2). On activation with such phosgene equivalents, 
carbazates 7 made from N-Fmoc-hydrazine have been found to readily cyclize to the 
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corresponding oxadiazalones 8 (Figure 2.2).18 The Fmoc-derived reagent has proven useful 
for the incorporation of aza-Gly on solid support.18 In our solution-phase studies, activation 
of Fmoc carbazate 1 (R2 = OFmoc) with phosgene produced oxadiazalone 8 (R2 = OFmoc); 
however, the heterocycle failed to react with Pro, nor with its methyl ester, in the presence 
of 2,4,6-collidine as base. The development of alternative solution-phase methods was thus 
pursued for the efficient incorporation of aza-Gly into peptides.   
 A hydrazone strategy has now been conceived for hydrazine protection to surmount 
the issues of hydantoin and oxadiazalone formation (Scheme 2.1). A 3-step strategy 
involving hydrazone coupling, hydrolysis and chain elongation has been developed for the 
incorporation of aza-Gly residues into model peptides.  Employing hydrazone protection to 
prepare an activated aza-glycine analog avoided formation of hydantoin 6 and oxadiazalone 
8, and delivered protected aza-Gly dipeptide 12.  Subsequent hydrolysis of the 
benzophenone hydrazone moiety and coupling to the N-terminus may then be used to 
provide aza-Gly peptides 15.     
 
Scheme 2.1 General hydrazone method for insertion of aza-glycine into a peptide 
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2.3 Results and discussion 
2.3.1 Aza-Gly-Xaa-OR dipeptide synthesis 
The enolization and alkylation of glycine diphenyl imines has been the central pillar 
of the effective methodology developed by O’Donell for unnatural amino acid synthesis.22 
Prior to our studies and to the best of our knowledge, the use of diphenyl hydrazone 
protection for aza-amino acid synthesis had yet to be explored. Benzophenone hydrazone 
offered protection from oxadiazolone formation during activation of the hydrazine moiety; 
however, the choice of activating group was crucial to the stability of the resulting 
methylidenecarbazate intermediate 10.  
Phosgene/triphosgene19,20,23 and carbonyldiimidazole (CDI)19,21 have been 
commonly used as activating agents with fluorenylmethyl and tert-butyl carbazates 1 
(Figure 2.2, Y = Z = Cl or imidazole).  On the contrary, activation of benzophenone 
hydrazone 9 with phosgene or CDI produced symmetric urea 1324 (R = Ph) as the major 
product (Scheme 2.1). To avoid urea 13, diphenylmethylidenecarbazate 10 (Y = OC6H4-p-
NO2) was prepared on treatment of hydrazone 9 with p-nitrophenylchloroformate at 0°C in 
dichloromethane (Scheme 2.2).  Activation of hydrazone 9 using an arylchloroformate 
proved a safer alternative to phosgene and furnished a more stable intermediate. Liberated 
HCl from acylation of hydrazone 9 seemed to serve to protonate unreacted hydrazone and 
disfavoured formation of urea 13.  
Typically, the p-nitrophenyl diphenylmethylidenecarbazate intermediate 10 was 
generated at 0°C for one hour and reacted at room temperature with the amino acid analogs 
in the presence of diisopropylethylamine in dichloromethane (methanol in the case of 
proline) to afford respectively protected aza-glycine dipeptide esters 16-18 and acid 19 in 
57-62% yields. Reaction progress during the nucleophilic substitution of the amine onto p-
nitrophenyl methylidinecarbazate 10 was qualitatively monitored by the yellow colour 
formed from the liberated p-nitrophenolate. 
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Scheme 2.2 Activation, coupling and deprotection of diphenyl hydrazone 9 
Benzophenone semicarbazone 18 was converted to the corresponding semicarbazide 
20 under acidic conditions (Scheme 2.2).22 Treatment with 1N HCl in THF at 40°C 
afforded quantitatively the aza-Gly dipeptide hydrochloride salt 20, which was isolated as a 
viscous oil after aqueous extraction and freeze-drying.   
The N-terminal of the aza-glycine dipeptide may be elongated using standard 
peptide coupling methods as previously described.25 In order to validate our methodology, 
we have performed the synthesis of an aza-Gly analogue of potent pro-apoptotic analogs in 
pursuit of a novel anti-cancer agent (Scheme 2.3). 
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2.3.2 Synthesis of aza-Gly Smac mimic  
 Aza-Gly peptides may adopt β-turn conformations.17 Moreover, the aza-Gly-Pro 
residue has been suggested to mimic a type II′ β-turn conformation.17  For example, a type 
II′ β-turn with Gly33-Pro34 at the i + 1 and i + 2 positions was shown to be a structural 
requirement for the antagonist activity of the undecapeptide [D31P34F35]-CGRP27-37 at the 
calcitonin gene-related peptide (CGRP) receptor when the aza-Gly33 and the indolizidin-2-
one amino acid33-34 analogs exhibited respectively ten- and seven-fold enhanced activity 
relative to the parent peptide. Indolizidin-2-one amino acids and aza-Gly-Pro constrained 
dipeptide surrogates may thus be exchangeable without consequence on conformation 
because they mimic similar type II′ β-turn geometry.  
Smac/DIABLO (second mitochondria-derived activator of capase or direct IAP 
binding protein with low pI) has been identified as a pro-apoptotic protein released from 
mitochondria in response to apoptotic stimuli.26,27 Smac protein promotes apoptosis in cells 
by directly interacting with the anti-apoptotic proteins IAPs (inhibitors of apoptosis 
proteins), functioning as anti-inhibitors of caspase enzymes (apoptotic proteins directly 
involved in programmed cell death). The IAPs may inhibit caspase protein by binding with 
its BIR3 domain, and Smac may liberate caspase by competitive binding to BIR3 through 
its N-terminal four-residue domain AVPI.28,30  As cancer cells are not able to go into 
apoptosis, inhibitors of BIR3 fixation have been targeted as potential drugs.  In particular, 
Smac mimics based on a constrained AVPI tetra-peptide, have been produced using 
indolizidinone and pyrrolo-azepinone turn surrogates and have exhibited potency as 
inhibitors of IAP binding (Figure 2.3). 27,27,29a-c  
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Figure 2.3 Examples of Smac mimics against XIAP/BIR3 and aza-Gly Smac mimic 
Considering the potent Ki values of indolizidin-2-one31a-b and pyrrolo-azepinone 
amino acid Smac analogs (Figure 2.3),32a-b and the potential of aza-Gly-Pro to serve as an 
alternative type II′ β-turn mimic, we have replaced the bicycle by the aza-dipeptide 
counterpart in aza-tripeptide Ala-azaGly-Pro-CH(Ph)2 24.  Benzophenone-protected aza-
Gly-Pro 19 was coupled to diphenylmethyl amine using TBTU, HOBt, and DIEA in 
dichloromethane to provide amide 21 in 96% yield after chromatography on silica gel 
(Scheme 2.3). Removal of the benzophenone protection was accomplished using a solution 
of 1N HCl in THF (1:2 v/v) at 40°C, to furnish aza-Gly-Pro diphenylmethylamide 22 as its 
hydrochloride salt in quantitative yield.  Semicarbazide 22 and Boc-Ala were subsequently 
condensed using a mixture of HOBt/TBTU/DIEA in dichloromethane to afford the Boc 
protected aza-tripeptide 23 in 65% yield after purification on silica gel. Finally, removal of 
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the Boc group was performed by treating 23 with 25% TFA in dichloromethane, followed 
by salt exchange using 1N HCl for 30 minutes and freeze-drying to afford hydrochloride 24 
in quantitative yield.  
 
Scheme 2.3 Synthesis of aza-Gly Smac mimic 24 
2.4 Conclusion 
The incorporation of aza-glycine in peptides has been performed to facilitate 
structure-activity relationship studies in the pursuit of mimics with improved activity and 
enhanced metabolic stability. New methodology has been described for incorporation of 
aza-glycine in peptides based on the use of benzophenone hydrazone 9 as starting material.  
p-Nitrophenyl diphenylmethylidenecarbazate intermediate 10 reacted with primary and 
secondary amino acid derivatives to provide benzophenone-protected aza-Gly-Xaa-OR 
dipeptides 16-19. Moreover, removal of the benzophenone protection from the N-terminal 
of the aza-Gly residue was effectively accomplished using aqueous HCl in THF to yield the 
hydrochloride for subsequent peptide chain elongation. The aza-dipeptide, aza-Gly-Pro 19 
was elongated at the C-terminus using standard peptide coupling conditions.25 The utility of 
this methodology has been illustrated by the solution-phase synthesis of an aza-Gly analog 
of potent Smac mimics. This method avoids issues of hydantoin and oxadiazalone side-
products commonly encountered in aza-Gly peptide syntheses. In light of these attributes, 
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benzophenone protection may find particular use for solution-phase synthesis of aza-Gly 
analogs of a variety of peptide targets for studying relationships between turn geometry and 
biological activity.  
2.5 Experimental section 
General Methods 
Unless otherwise noted, all reactions were performed under an argon atmosphere 
and distilled solvents were transferred by syringe. Benzophenone hydrazone 9 and p-
nitrophenyl chloroformate were purchased from Aldrich Chemicals. Anhydrous solvents 
(THF, CH2Cl2, and CH3OH) were obtained by passage through solvent filtration systems 
(GlassContour, Irvine, CA). DIEA was distilled over ninhydrin and CaH2. Final reaction 
mixture solutions were dried over MgSO4 or Na2SO4. Chromatography was on 230-400 
mesh silica gel, and TLC was on glass-backed silica plates.  Melting points were taken on a 
Gallankamp apparatus and are uncorrected. Specific rotations [α]D were measured at 20°C 
at the specified concentrations (c in g/mL) using a 0.1 dm cell on a Perkin Elmer 
Polarimeter 341. Accurate mass measurements were performed on a LC-MSD-TOF 
instrument from Agilent technologies in positive electrospray mode at the Université de 
Montréal Mass Spectrometry facility. Either protonated molecular ions [M+H]+ or sodium 
adducts [M+Na]+ were used for empirical formula confirmation. 1H NMR spectra were 
measured at 400 MHz and referenced to CDCl3 (7.26 ppm), CD3OD (3.31 ppm) or DMSO 
(2.50 ppm), as specified below. 13C NMR were measured at 100 MHz and referenced to 
CDCl3 (77.0 ppm), CD3OD (49.0 ppm) or DMSO (39.52 ppm). Coupling constants, J 
values were measured in hertz (Hz) and chemical shift values in parts per million (ppm). 
General procedure for benzophenone-protected Aza-glycine coupling  
A stirred solution of p-nitrophenyl chloroformate (1 g, 4.96 mmol) in 40 mL of 
dichloromethane at 0°C was treated dropwise with a solution of benzophenone hydrazone 9 
(974 mg, 4.96 mmol) in 20 mL of dichloromethane. The ice bath was removed and the 
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reaction was allowed to warm to room temperature. The extent of reaction was monitored 
by TLC. After 1 hour, complete disappearance of the hydrazone and formation of the 
activated methylidine carbazate intermediate, 10, was observed by TLC, Rf 0.83 (1:1 
EtOAc/hexane), and was treated with a premixed solution of amino ester hydrochloride 11a 
(4.96 mmol) and DIEA (1.8 mL, 9.92 mmol) in 10 mL of dichloromethane. In some cases 
free amine was used with 1.5 equivalents of DIEA. After stirring overnight, the crude 
reaction mixture was concentrated under vacuum and purified by column chromatography 
on silica gel. 
Benzhydrylidene aza-glycyl-leucine methyl ester (16) was synthesized from 
methyl leucinate hydrochloride (300 mg, 1.65 mmol) according to the general procedure 
and purified by column chromatography using 2:1 hexane:EtOAc as eluant.  Evaporation of 
the collected fractions gave semicarbazone 16 as a white solid (400 mg, 63%). Rf 0.47 (2:1 
hexane:EtOAc); mp 148-150°C; [α]D20 + 26.7 (c 0.0025, CHCl3). 1H NMR (400 MHz, 
CDCl3) δ 0.91 (q, 6 H, J = 3 Hz), 1.55-1.75 (m, 3 H), 3.67 (s, 3 H), 4.55 (dq, 1 H, J = 3.5, 
9.7 Hz), 6.61 (d, 1 H, J = 8.8 Hz), 7.15-7.46 (m, 10 H), 7.56 (s, 1 H). 13C NMR (100 MHz, 
CDCl3) δ 13.8, 21.6, 22.6, 24.5, 41.6, 50.9, 51.8, 126.8, 128.0, 128.1, 129.0, 129.4, 129.5, 
131.5, 136.6, 148.1, 154.9, 173.5. HRMS m/z 368.1968 [M+H+; calcd for [C21H26N3O33]+: 
368.1969]. 
Benzhydrylidene aza-glycyl-glycine ethyl ester (17) was synthesized from ethyl 
glycinate hydrochloride (320 mg, 2.3 mmol) according to the general procedure and 
purified by column chromatography using 2:1 hexane:EtOAc as eluant.  Evaporation of the 
collected fractions gave semicarbazone 17 as a white solid (450 mg, 60%). Rf 0.25 (2:1 
hexane:EtOAc); mp 140-142°C; 1H NMR (400 MHz, CDCl3) δ 1.19 (t, 3 H, J = 7 Hz,),  
4.02 (d, 2 H, J = 5.6 Hz,), 4.13 (q, 2 H, J = 7 Hz), 6.78 (t, 1 H, J = 5.5 Hz), 7.1 - 7.4 (m, 10 
H), 7.61 (s, 1 H). 13C NMR (100 MHz, CDCl3) δ 13.8, 41.4, 61.0, 126.8, 127.8, 127.9, 
128.1, 129.0, 129.1, 129.36, 129.43, 129.5, 131.4, 136.5, 148.2, 151.0, 154.9, 170.0. 
HRMS m/z 326.1503 [M+H+; calcd for [C18H20N3O3]+: 326.1499].  
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Benzhydrylidene aza-glycyl-proline methyl ester (18) was synthesized from 
proline methyl ester (640 mg, 4.96 mmol) according to the general procedure and purified 
by column chromatography using 1:1 hexane:EtOAc as eluant. Evaporation of the collected 
fractions gave semicarbazone 18 as a light yellow oil (1 g, 60%). Rf 0.36 (1:1 
hexane:EtOAc); [α]D20 –41.0 (c 0.010, CHCl3). 1H NMR (400 MHz, CDCl3) δ 1.88-2.06 
(m, 3 H), 2.14-2.23 (m, 1 H), 3.55-3.65 (m, 2 H), 3.67 (s, 3 H), 4.64 (d, 1 H, J = 8 Hz), 
7.25-7.34 (m, 5 H), 7.48-7.56 (m, 5 H), 7.76 (s, 1 H). 13C NMR (100 MHz, CDCl3) δ 24.1, 
33.0, 47.5, 51.9, 59.8, 127.2, 127.9, 128.4, 128.9, 129.5, 129.6, 131.9, 137.1, 148.9, 173.1. 
HRMS m/z 352.1671 [M+H+; calcd for [C20H22O3N3]+: 352.1656]. 
Benzhydrylidene aza-glycyl-proline (19) was synthesized from proline (570 mg, 
4.96 mmol) dissolved in methanol according to the general procedure and purified by 
column chromatography using 20:1 EtOAc:AcOH as eluant. Evaporation of the collected 
fractions gave semicarbazone 19 as a pale yellow foam (1 g, 57%): Rf 0.5 (20:1 
EtOAc:AcOH); mp 86.2-88.2°C; [α]D20 –97.3 (c 0.0109, CHCl3).  1H NMR (400 MHz, 
CDCl3) δ 1.94-2.05 (m, 3 H), 2.14-2.23 (m, 1 H), 3.44 - 3.51 (m, 2 H), 4.57 (dd, 1 H, J = 
4.88, 2.95 Hz), 7.24-7.33 (m, 5 H), 7.51-7.58 (m, 5 H), 7.92 (br s, 1 H). 13C NMR (100 
MHz, CDCl3) δ 24.3, 28.3, 47.3, 60.4, 129.4, 130.2, 131.4, 131.7, 131.8, 133.6, 138.7, 
150.9, 155.0. HRMS m/z 338.1499  [M+H+; calcd for [C19H20O3N3]+: 338.1499].  
Aza-glycyl-proline methyl ester, (20), A solution of benzhydrylidene 18 (1 g, 4.96 
mmol) in THF (20 mL) was treated with HCl (1N, 20 mL, 20 mmol), stirred overnight at 
40°C and evaporated under reduced pressure. The residue was partitioned between 
dichloromethane (10 mL) and 1N HCl (10 mL). The aqueous phase was washed with 
dichloromethane (3 x 10 mL) and freeze-dried to give semicarbazide 20 as a viscous yellow 
oil (110 mg, 95%). [α]D20 –39.8 (c 0.0105, CHCl3). 1H NMR (CDCl3) δ 2.04 (m, 3 H), 2.26 
(m, 1 H), 3.37 (s, 1 H), 3.49 - 3.51 (m, 2H), 4.44 (m, 1 H), 4.96 (br s, 5 H). 13C NMR (100 
MHz, CDCl3) δ 24.4, 29.6, 46.2, 51.9, 59.6, 156.0, 175.0. HRMS m/z 188.1025 [M+H+; 
calcd for [C7H14O3N3]+: 188.1030].  
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Benzhydrylidene aza-glycyl-proline dibenzhydrylamide (21)  Benzhydrylidene 
aza-glycyl-proline 19 (250 mg, 0.74 mmol), HOBt (100 mg, 0.74 mmol) and TBTU (239 
mg, 0.74 mmol) were dissolved in 10 mL of dichloromethane, treated slowly with a 
solution of diphenylmethyl amine (136 mg, 0.74 mmol) and DIEA (0.26 mL, 1.49 mmol) in 
CH2Cl2 (5 mL), and stirred for 6 h, when TLC indicated complete disappearance of the 
starting material [19, Rf 0.05 in 100% EtOAc]. The volatiles were removed by evaporation 
on a rotary evaporator and the residue was purified by chromatography on silica gel using 
1:1 hexane:EtOAc as eluant.  Evaporation of the collected fractions gave amide 21 (350 
mg, 94%) as a white foam. Rf 0.5 (100% EtOAc); mp 76.6-78.3°C; [α]D20 –38.0 (c 0.010, 
CHCl3).  1H NMR (400 MHz, CDCl3) δ 1.85-2.02 (m, 3 H), 2.42 (m, 1 H), 3.35-3.51 (m, 2 
H), 4.78 (d, 1 H, J = 5 Hz), 6.23 (d, 1 H, J = 8.45 Hz), 7.20-7.36 (m, 15 H), 7.55-7.57 (m, 5 
H), 7.64 (br s, 1 H), 7.81 (s, 1 H). 13C NMR (100 MHz, CDCl3) δ 25.0, 30.0, 47.9, 57.3, 
61.7, 127.7, 127.8, 127.9, 128.7, 128.8, 128.9, 129.8, 130.3, 132.1, 136.9, 142.1, 151.0, 
155.0, 171.7. HRMS m/z 503.2437 [M+H+; calcd for [C32H31O2N4]+: 503.2442].  
Aza-glycyl-proline dibenzhydrylamide hydrochloride (22). Benzhydrylidene 
aza-glycyl-proline dibenzhydrylamide 21 (250 mg, 0.48 mmol) was dissolved in 15 mL of 
THF, treated with 15 mL of 1N HCl and stirred at 40°C for 12 h.  After work-up and 
freeze-drying as described for the synthesis of semicarbazide 20 above, hydrochloride 22 
was obtained in 98% yield (182 mg, 0.49 mmol); mp 144.1-145.7°C; [α]D20 –20.7 (c 
0.0092, CH3OH). 1H NMR (400 MHz, CDCl3) δ 1.52-1.78 (m, 4 H), 3.17 (m, 1 H), 3.35 
(m, 1 H), 4.36 (br s, 1 H), 6.12 (s, 1 H), 7.10-7.43 (m, 12 H), 8.85 (br s, 0.5 H), 9.13 (br s, 
0.5H), 10.11 (br s, 1 H). 13C NMR (100 MHz, CDCl3) δ 21.1, 39.1, 39.9, 59.3, 61.1, 127.5, 
128.4, 129.1, 141.9, 171.9. HRMS m/z 309.1815 [M+H+; calcd for [C19H23O2N4]+: 
309.1816].  
N-Boc-Alanyl-aza-glycyl-proline dibenzhydrylamide (23).  A solution of aza-
glycyl-proline dibenzhydrylamide hydrochloride (22, 200 mg, 0.59 mmol) and DIEA (0.21 
mL, 1.18 mmol) in CH2Cl2 (5 mL) was added to a solution of N-(Boc)-L-alanine (111 mg, 
0.59 mmol), HOBt (80 mg, 0.59 mmol) and TBTU (190 mg, 0.59 mmol) in CH2Cl2 (5 mL), 
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stirred for 10 h and the volatiles were removed under vacuum. The residue was dissolved in 
EtOAc (20 mL), washed with 5 mL of saturated aqueous NaHCO3 and HCl (1N), dried 
over sodium sulphate and concentrated under vacuum. The residue was purified by column 
chromatography using 100% EtOAc as eluant to give aza-tripeptide 23 (200 mg, 65%) as a 
white foam: Rf 0.41 (100% EtOAc); mp 117.4-119.2°C; [α]D20 –37.9 (c 0.0103, HCCl3). 1H 
NMR (400 MHz, CDCl3) δ 1.31 (d, 3 H, J = 8 Hz), 1.44 (s, 9 H), 1.80-2.15 (m, 3 H), 2.27 
(m, 1 H), 3.26-3.32 (q, 1 H, J = 8, 16 Hz), 3.44-3.49 (m, 1 H), 4.31 (t, 1 H, J = 8 Hz), 4.46-
4.51 (d, 1 H, J = 8 Hz), 5.21 (d, 1 H, J = 8 Hz), 6.19 (d, 1 H, J = 8 Hz), 6.80 (br s, 1 H), 
7.19 - 7.46 (m, 10 H), 7.81 (d, 1 H, J = 8 Hz), 8.58 (br s, 1 H). 13C NMR (100 MHz, 
CDCl3) δ 18.8, 25.0, 28.8, 30.1, 39.1, 46.8, 49.5, 57.3, 61.1, 127.5, 127.6, 127.8, 128.1, 
128.9, 129.0, 141.9, 142.2, 156.1, 157.6, 171.9, 173.9. HRMS m/z 510.2712 [M+H+; calcd 
for [C27H36O5N5]+: 510.2711].  
  Alanyl-aza-glycyl-proline dibenzhydrylamide hydrochloride (24). N-Boc-
Alanyl-aza-glycyl-proline dibenzhydrylamide 23 (100 mg, 0.19 mmol) was dissolved in a 
25% solution of TFA in dichloromethane (10 mL), and stirred for 1 h, at which point 
complete disappearance of starting material 23 was observed by TLC, Rf 0.41 (100% 
EtOAc). The volatiles were removed under vacuum and the residue was suspended in 
CH2Cl2 and evaporated. The residue was suspended in 10 mL of 1N HCl, stirred for 30 min 
and freeze-dried to give hydrochloride 24 (85 mg, 99%) as a white solid; mp 148.1-
152.6°C; [α]D20 – 31.1 (c 0.0045, CH3OH). 1H NMR (400 MHz, DMSO) δ 1.41 (d, 3 H, J = 
7.2 Hz), 1.89-1.85 (m, 3 H), 2.09 (m, 1 H), 3.34-3.36 (m, 1 H), 3.43-3.44 (m, 1 H), 3.84 (m, 
1 H), 4.42 (d, 1 H, J = 5.2 Hz), 6.05 (d, 1 H, J = 8.5 Hz), 7.22-7.34 (m, 10 H), 8.38 (s, 3 H), 
8.47 (s, 1 H), 8.79 (d, 1 H, J = 8.8 Hz), 9.98 (s, 1 H). 13C NMR (100 MHz, DMSO) δ 18.2, 
25.1, 30.6, 46.8, 47.8, 56.7, 60.4, 127.7, 127.9, 128.3, 129.2, 129.3, 143.2, 143.6, 156.2, 
170.4, 172.4. HRMS m/z 410.2193 [M+H+; calcd for [C22H28O3N5]+: 410.2187].  
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3.0 Préface 
Afin de diversifier sélectivement et directement l'azote α de l'azaglycine 
précédemment décrite nous nous sommes penchés sur l'alkylation avec des halogénures 
d'alkyle en présence de tert-butoxide de potassium. Cette méthodologie présente de 
nombreux avantages car elle permet d'accéder à un maximum de diversité, et ce, 
rapidement, tout en évitant les risques de réactions secondaires communément obtenues 
lors du couplage d'acides aza-aminés pendant la synthèse d'azapeptides. De plus elle est peu 
coûteuse et a été éprouvée sur résine parallèlement à son étude en solution (Sabatino D., 
Proulx C., Klocek S., Bourguet C.B., Boeglin D., Ong H., Lubell W.D. Org. Lett. 2009, 11, 
3650). 
Afin de clarifier la contribution des auteurs dans cet article il est important de 
souligner que Sophie Klocek a travaillé sous la supervision de David Sabatino au 
développement d'une diversification par réaction de Mitsunobu; Caroline Proulx et David 
Sabatino ont synthétisé respectivement les dérivés 23, 27, 30, 34 et 21, 32. 
Dans un premier temps, mon travail s'est concentré sur le potentiel ''building block'' 
qu'offrent ces dérivés azaGly-Pro, ainsi que sur l'étude de leur réactivité. Compte tenu des 
réactions secondaires de trans-estérification et de cyclisation intramoléculaire en 
hydantoïne obtenues lors de l'alkylation de l'azaGly-Pro-OMe 24 avec le bromure de 
propargyle présentées dans cet article au paragraphe 3.3.3 (Figure 3.0), une série de 
différentes bases ont été testées en complément de celle présentée et ce dans deux différents 
solvants. 
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Figure 3.0 Récapitulatif des produits obtenus lors de l'alkylation de la diphényle hydrazone 
de l'azaGly-Pro-OMe 24 avec le bromure de propargyle  
Pour mettre en contexte, l'alkylation s'effectue en deux temps, en premier lieu la 
base est ajoutée à la diphényle hydrazone de l'azaGly-ProOMe 24 dissoute dans le solvant 
choisi à 0˚C. Puis après 30 minutes à 1h, le bromure de propargyle est ajouté, la réaction est 
amenée à température ambiante et laissée à réagir de 4h à 12h. 
Les analyses LC/MS du produit brut de chaque réaction ont révélé que: 
1) le THF était le solvant de choix pour la réaction d'alkylation. En effet, le 
dichlorométhane ne permet aucune réaction et restitue le produit de départ, sauf dans le cas 
du NaHMDS où la réaction d'alkylation s'effectue avec hydrolyse de l'ester méthylique, 
2) les bases de type amine tertiaire comme la DIEA et la triéthylamine ou secondaire 
comme la pipéridine ne sont pas assez fortes pour arracher le proton du Nα, 
3) le tert-butoxyde de potassium est la base qui offre les meilleurs rendements de 
monoalkylation bien, qu'incomplète. 
Les conditions de déprotection de la fonction acide de la diphénylhydrazone 
azaGly-Pro-OMe 24 utilisées préalablement (2M LiOH/ dioxane:eau) n'ont pas donné la 
totale conversion en acide des dérivés alkyles. De nouvelles conditions d'hydrolyse de 
l'ester méthylique ont dû être développées. Parmi celles testées, 2 eq. de LiOH (1M) dans 
un mélange de méthanol/ eau a donné les meilleurs résultats (de 40 à 90%). 
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De plus, comme présenté dans ce chapitre, les tentatives de déprotection de la 
benzophénone des esters méthyliques d'aza(alkyl)glycyl-proline selon les conditions 
utilisées pour le composé 24 dans l'article 1, ont mené aux aza-dicétopipérazines 
respectives par cyclisation intramoléculaire. 
 Par la suite, mon travail a donc été de trouver une alternative au groupement ester 
méthylique. De ce fait, nous avons choisi d'utiliser le groupement tert-butyle ester - plus 
encombrant donc moins enclin à une réaction de trans-estérification ou de cyclisation 
intramoléculaire – et d'explorer les conditions de déprotection optimales pour l’ester et la 
benzophénone.  
Enfin, parallèlement à cette étude, j'ai également pu démontrer que l'alkylation était 
sélective à l'azote α de l'azaglycine et que l'élongation du ''building block'' pouvait se faire 
en N-terminal sans racémisation vues les conditions de couplage utilisées. J'ai également 
écrit cet article dans sa totalité sous la supervision du Professeur Lubell. 
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3.1 Abstract 
Aza-peptides have been used as tools for studying structure-activity relationships in 
programs aimed at drug discovery and chemical biology. Protected aza-dipeptides were 
synthesized by a solution-phase sub-monomer approach featuring alkylation of N-terminal 
benzophenone semicarbazone aza-Gly-Xaa dipeptides using different alkyl halides in the 
presence of potassium t-butoxide as base. Benzophenone protected aza-dipeptide tert-butyl 
ester 31c was selectively deprotected at the C-terminal ester or N-terminal hydrazone to 
afford respectively aza-dipeptide acid and amine building blocks 36c and 40c, which were 
introduced into longer aza-peptides. Alternatively, removal of the benzophenone 
semicarbazone protection from aza-dipeptide methyl esters 29a-c led to intramolecular 
cyclization to produce aza-diketopiperazines (aza-DKP) 39a-c. In light of the importance of 
aza-peptides and diketopiperazines (DKPs) as therapeutic agents and probes of biological 
processes, this diversity-oriented solution-phase approach may provide useful tools for 
studying peptide science.   
Keywords: alkylation, aza-Gly-Xaa, aza-peptide, β-turn conformation, benzophenone 
semicarbazone protecting group, diketopiperazine, aza-diketopiperazine, triazine. 
3.2 Introduction  
Peptide mimics have been employed to enhance the bio-availability, potency, 
specificity and duration of action of natural parent peptides [1-3]. Investigations in peptide 
mimicry have also shown that certain structural changes, when introduced into a peptide, 
can prevent enzyme degradation and induce conformational preferences that mimic the 
biologically active secondary structure [4]. Among the modifications found in peptide 
mimicry, aza-peptides, in which one or more residue is replaced by an aza-amino acid [5], 
have found promising utility in enhancing the drug-like character of peptide candidates [6], 
by increasing duration of action [7] and resistance to enzymatic degradation [8, 9] (see for 
relevant examples Figure 3.1). Furthermore, aza-amino acid residues have been shown to 
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stabilize β-turn conformations in peptides as detected by computational [10-12], 
spectroscopic [13-15] and crystallographic analyses [13].  
 
Figure 3.1 Representive biologically active aza-peptide and aza-diketopiperazine analogs 
[16-19]. 
The introduction of aza-amino acids into peptides involves a combination of 
hydrazine and peptide chemistry (Figure 3.2) [5]. For example, hydrazine precursors were 
used in solution to synthesize N-Boc protected aza1-dipeptide 3 [20, 21] and N-Fmoc 
protected aza-amino acid chloride 4, which were used successfully in solid-phase syntheses 
to introduce aza-residues into biologically relevant peptides [22, 23].  On the other hand, 
attempts to prepare aza-peptides by reaction of protected N-alkyl hydrazine [24] 11 onto 
resin-bound active carbamate 9 or isocyanate 10 have suffered from low yields due to 
formation of hydantoin 12 upon intramolecular acylation of the amide of the preceding C-
terminal residue (Figure 3.2) [24-26].  
Chapitre 3 
 
 
65 
 
Figure 3.2 Methods and pitfalls to avoid in introducing aza-residues into peptides 
The prerequisite to synthesize the N-alkyl hydrazine prior to incorporation into the 
aza-peptide has limited the diversity of the aza-residue side chain, because of the inherent 
difficulty to differentiate selectively the two nitrogens of the hydrazine moiety [27]. 
Alternatively, alkylation of a suitably N-protected aza-glycine moiety surmounts the issues 
associated with hydrazine synthesis [28, 29]. Although N-Fmoc-aza-glycine acid chloride 4 
could not be introduced into an aza-peptide in solution, likely because of competitive 
formation of oxadiazalone 6 (Figure 3.2) [23], aza-Gly peptides were synthesized using the 
activated methylidenecarbazate 20 from mixing benzophenone hydrazone 17 and p-
nitrophenyl chloroformate 18 (Scheme 3.2) [28, 29]. Subsequent alkylation of solid-phase 
bound benzophenone semicarbazone protected aza-Gly peptide, semicarbazone 
deprotection, peptide elongation and cleavage has provided a sub-monomer approach for 
aza-peptide synthesis [29]. To compliment this solid-phase approach, solution-phase 
synthesis by a sub-monomer approach has been explored. At the time, we were also aware 
that alkylation of N-phthalimido aza-glycine tert-butyl ester (N-tert-butyloxycarbonyl-
aminophthalimide 13, Scheme 3.1) had been achieved by employing different alcohols 
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under Mitsunobu conditions [30]. Both phthalimide and benzophenone semicarbazone 
protection strategies were studied to avoid oxadiazolone formation during incorporation of 
aza-Gly residues and to orient regioselective nitrogen alkylation for the synthesis of 
protected aza-dipeptide building blocks in solution.  Although N-phthalimido aza-
glycinamides could not be successfully diversified, a variety of N-benzophenone 
semicarbazone aza-glycine analogs were alkylated to furnish a diverse set of aza-
dipeptides.  Moreover, selective removal of the benzophenone or the ester protection gave 
suitable building blocks for aza-peptide synthesis respectively by N- or C-terminal 
elongation.  Finally, examination of the removal of the N-protection from the aza-dipeptide 
methyl ester under acidic conditions has provided access to a relatively rare class of 
heterocycles, the so-called aza-diketopiperazines (aza-DKPs). This class of triazines merits 
study in light of the broad spectrum of biological activities associated with the parent 
diketopiperazine structure [31].  
3.3 Results and discussion 
3.3.1 Synthesis and attempted alkylation of phthalimido Gly-Xaa 
dipeptides  
As mentioned, phthalimide protection has been used for the synthesis of N-alkyl, N-
acyl hydrazines in solution- and on solid-phase [30, 32-35]. Mitsunobu alkylation of N-
acylaminophthalimides provided good yields of alkylated products using primary, 
secondary and benzyl alcohols [30]. Removal of the phthaloyl group with methylhydrazine 
afforded the 1,1-disubtituted hydrazines [30]. In light of the success with N-
acylaminophthalimides 13, the related ureidophthalimide 15 was synthesized and examined 
as a protected aza-Gly residue to explore related alkylation chemistry in order to provide 
other aza-amino acids (Scheme 3.1). 
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Scheme 3.1 Synthesis and attempted alkylation of phthalimido aza-Gly-Phe-OMe 15. 
N-Aminophthalimide 14 was synthesized as reported [36], reacted with p-
nitrophenyl chloroformate at 0 °C for 2 h and coupled with Phe-OMe in a sluggish reaction 
giving a mixture of multiple products, as detected by TLC analysis, from which silica gel 
column chromatography finally provided the desired N-phthalimido aza-Gly-Phe-OMe 15, 
albeit in 2% yield.  Attempts failed to add diversity onto the phthalimido aza-Gly residue of 
15 using benzyl and allyl alcohols under Mitsunobu conditions, which were reported to be 
successful for alkylation of Pht-aza-Gly-OtBu 13 [30], likely due to the weaker acidity of 
the N-ureidophthalimide versus the N-carbamatophthalamide.  Furthermore, recovered 
starting material was obtained from attempts to alkylate N-ureidophthalimide 15 using allyl 
bromide or allyl iodide in the presence of potassium t-butoxide in THF at 0 °C (Scheme 
3.1). Low coupling yields and the lack of alkylation of ureidophthalimide 15, both 
suggested that an alternative protecting group strategy was needed to build and modify the 
aza-Gly-Xaa dipeptide.   
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3.3.2 Benzophenone semicarbazone protection for aza-Gly-Xaa synthesis  
Hydrazone protection has recently been used to prepare activated aza-Gly analogs 
without oxadiazolone formation [28, 29]. Moreover, alkylation of supported aza-Gly 
peptide has been used to make aza-peptide on solid-phase [29].  
 
Scheme 3.2 Hydrazone activation and insertion of aza-glycine into dipeptides.  
In solution, benzophenone semicarbazone protected aza-Gly dipeptides 21-27 were 
synthesized in 41-62% yields by activation of diphenylhydrazone 17 with p-nitrophenyl 
chloroformate 18 in dichloromethane at 0 °C for 1 h, followed by addition of a solution of 
the coupling partner (amino acid or ester, Xaa-Y as hydrochloride or free base) and 
diisopropylethylamine in dichloromethane or methanol (Scheme 3.2) [28].  The reagents 
carbonyldiimidazole [37] and phosgene [22] in solution gave exclusively symmetric urea 
19.   
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Activated carbazate 20 was coupled to amino methyl ester hydrochlorides with best 
conditions involving a pre-mixing of the salt with 2 equivalents of DIEA in 
dichloromethane prior to addition. Proline t-butyl ester was employed as the free amine 
with only 1 equivalent of DIEA, which gave the desired aza-Gly dipeptide 25 in 51% yield.  
The amino acids Pro and D-Phe were also coupled to the p-nitrophenyl carbazate 20 with 1 
equivalent of DIEA, using methanol as solvent in the case of proline to furnish 
benzophenone protected aza-Gly-Pro 26 and aza-Gly-Phe 27 in 57% and 41% respective 
yields. Benzophenone protected aza-Gly-Pro diphenylmethylamide 28 was synthesized in 
96% yield as previously described by coupling the corresponding aza-Gly-Pro 26 and 
diphenylmethylamine [28]. 
3.3.3 Alkylation of benzophenone semicarbazones.  
Alkylation of the benzophenone imines of glycine esters was first introduced by 
O’Donnell as a practical method for the synthesis of racemic and optically active α-amino 
acids [38]. In analogy to the Gly Schiff-base, in which imine double-bond resonance 
favours stabilization of the alpha-carbanion [39], semicarbazones 21-28 could be 
regioselectively deprotonated and alkylated. A general protocol was explored in which the 
aza-Gly dipeptide was treated with potassium t-butoxide in THF at 0 °C under argon 
followed by treatment with alkyl halide. According to this procedure, the regioselective 
alkylation was achieved on methyl ester 24, using propargyl bromide (37%), benzyl 
bromide (15%), allyl bromide (20%) and methyl iodide (80%) (Table 3.1 entries 1-4, 
Scheme 3.3).  
 
Scheme 3.3 General method for alkylation of benzophenone protected aza-Gly-Xaa-Y. 
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Table III.1 Alkylated benzophenone protected aza-Gly-Xaa-Y 
aBenzophenone aza-Gly-D-Phe-OCH2CH≡CH was obtained as major side product 
determined by LCMS analyses. bBenzophenone aza-Gly-D-Phe-OBn was obtained as major 
side product determined by LCMS analyses. 
Four products were initially obtained from alkylation with propargyl bromide on 
benzophenone semicarbazone protected aza-Gly-Pro-OMe 24 using potassium t-butoxide 
(Figure 3.3). The aza-propargylGly-Pro-OMe 29a was isolated in 20% yield and shown to 
be contaminated with its corresponding acid and propargyl ester counterparts 36a and 33, 
as well as hydantoin 37 in respectively 10%, 7% and 20% yields.  Intramolecular acylation 
of the semicarbazone anion by the methyl ester may likely lead to formation of hydantoin 
37 which was isolated in 20% yield and characterized by 1H and 13C NMR. 
Entry Starting material Y R
1, R2 R3 RX  Z Product % yields 
1 24 OCH3 (CH2)3 H HC≡CCH2Br OCH3 29a 37 
2 24 OCH3 (CH2)3 H CH2=CHCH2Br OCH3 29b 20 
3 24 OCH3 (CH2)3 H BnBr OCH3 29c 15 
4 24 OCH3 (CH2)3 H CH3I OCH3 29d 80 
5 23 OCH3 H, H Bn BnBr OCH3 30 14 
6 25 OC(CH3)3 (CH2)3 H HC≡CCH2Br OC(CH3)3 31a  72 
7 25 OC(CH3)3 (CH2)3 H CH2=CHCH2Br OC(CH3)3 31b  56 
8 25 OC(CH3)3 (CH2)3 H BnBr OC(CH3)3 31c  84 
9 25 OC(CH3)3 (CH2)3 H CH3I OC(CH3)3 31d  73 
10 21 OCH2CH3 H, H H CH2=CHCH2Br OCH2CH3    32 60 
11 26 OH (CH2)3 H HC≡CCH2Br OCH2C≡CH    33  51 
12 27 OH H, H Bn HC≡CCH2Br OCH2C≡CH 34a  22a 
13 27 OH H, H Bn BnBr OBn 34b  63b 
14 28 NHCH(Ph)2 (CH2)3 H HC≡CCH2Br NHCH(Ph)2    35  48 
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Figure 3.3 Aza-propargylGly-Pro-OMe and side products obtained from alkylation of 
methyl ester 24.  
Residual hydroxide ion caused likely the solvolysis of the methyl ester, leading to 
alkylation of the resulting carboxylate to prepare propargyl ester 33. Alkylation conditions 
were subsequently improved to yield the aza-propargylGly-Pro-OMe 29a in 37% yield 
(Table 3.1, entry 1).  Ions characteristic of similar side products were detected in the LCMS 
traces of semicarbazone protected aza-allylGly-Pro-OMe 29b and aza-Phe-Pro-OMe 29c 
(Table 3.1, entry 2 and 3); however, only starting material (20%) and aza-Ala-Pro-OMe 
29d (80%) were recovered from alkylation with iodomethane  (Table 3.1, entry 4).  
Attempts to effect alkylation under Mitsunobu conditions failed. Although isomerisation of 
the tertiary amide in aza-Gly-Pro analogs may be partially responsible for the low yields 
with methyl ester 24. A similar attempt to alkylate benzophenone semicarbazone protected 
aza-Gly-D-Phe-OMe 23 using benzyl bromide in the presence of potassium tert-butoxide 
(1.1 eq.) gave aza-Phe-D-Phe-OMe 30 in only 14% yield (Table 3.1, entry 5). Similarly, 
aza-allylGly-Gly-OEt 32 was synthesized in 60% yield by alkylation of benzophenone 
semicarbazone protected aza-Gly-Gly-OEt 21 (Scheme 3, Table 3.1 entry 10). Neither C- 
nor N-amide alkylation were observed by a 1H-1H COSY NMR experiment which indicated 
a 3 bond coupling between the urea NH and the neighbouring αCH2 of the glycine residue.  
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Tert-butyl protection alleviated the issues of trans-esterification and low yields in the 
alkylation of aza-Gly-Pro dipeptide methyl esters. Under similar alkylation conditions 
using t-BuOK and propargyl, benzyl, and allyl bromides, semicarbazone protected aza-
propargylGly-Pro, aza-allylGly-Pro and aza-Phe-Pro tert-butyl esters 31a-c were afforded 
in improved yields (56-84%); methyl iodide gave aza-Ala-Pro dipeptide tert-butyl ester 31d 
in 73% yield.  
Alkylation of aza-Gly-dipeptide acids was also achieved by double deprotonation 
with 2 equivalents of base and treatment with excess alkyl halide to provide the N,O-
dialkylated products. Benzophenone semicarbazone protected aza-Gly-Pro 26 and aza-Gly-
D-Phe 27 reacted with propargyl bromide under these conditions to give the aza-
propargylGly-Pro and aza-propargylGly-D-Phe propargyl esters 33 and 34a in 51% and 
22% yields respectively (Table 3.1, entry 11-12) [40].  Treatment of benzophenone 
semicarbazone protected aza-Gly-D-Phe 27 with benzyl bromide gave aza-Phe-D-Phe 
benzyl ester 34b in 63% yield (Table 3.1, entry 13).  
Finally, alkylation of aza-Gly-Xaa dipeptide amide 28 with propargyl bromide and 
potassium tert-butoxide provided aza-propargylGly-Pro amide 35 in 48% yield (Table 3.1, 
entry 14). Examination of the 1H-1H COSY spectra of 35 showed the coupling between the 
amide and methyl protons of the diphenylmethyl amide indicating that no N-alkylation 
occurred at the C-terminal amide.  
3.3.4 C-terminal deprotection and coupling of N-benzophenone aza-
dipeptides.  
N-Protected aza1-dipeptides have been used as configurationally stable building 
blocks for assembling aza-peptides in solution and on solid phase for subsequent structure-
activity relationship studies [21, 26]. With means in hand for alkylation of N-benzophenone 
semicarbazone aza-Gly-Xaa dipeptide esters to generate diverse aza-dipeptide analogs, 
ester removal was next examined to provide the building blocks for introduction into longer 
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peptides (Scheme 3.4). Methyl esters 29a-d were hydrolyzed using LiOH (2 equivalents) in 
3:1 methanol:water to give acids 36a-d in 38-89% yield. Acid 36a was also prepared in 
72% yield by treatment of tert-butyl ester 31a with 8:2 TFA in dichloromethane for 12 h 
followed by chromatography. Alternatively, tert-butyl ester was removed by treatment with 
bubbling HCl in DCM for 2 h and free acids 36a-d were directly used without further 
purification in amide couplings.  For the synthesis of amides 35a-d, isobutyl chloroformate 
(IBC) and N-methylmorpholine (NMM) at -15°C proved most effective giving 12% to 74% 
yields.  Other conditions for tert-butyl ester removal were less successful often causing 
benzophenone removal as observed by LCMS analyses [41-43].  
 
Scheme 3.4 C-terminal deprotection of benzophenone semicarbazone aza-dipeptide esters. 
3.3.5 N-Terminal deprotection and aza-diketopiperazine formation.  
Previously, N-benzophenone semicarbazone aza-Gly-Pro-OMe 24 was converted to 
hydrochloride salt 38 in 99% yield using 1 N HCl in THF at 40 °C for 12 h [28]. On the 
other hand, applying the same conditions to the alkylated methyl esters 29a-c afforded aza-
diketopiperazines (aza-DKP) 39a-c (Scheme 3.5).  
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Scheme 3.5 Deprotection of benzophenone semicarbazone and aza-DKP synthesis. 
The synthesis and activity of aza-diketopiperazines has been rather unexplored [44], 
yet offers interesting potential for studying the influence of Cα-stereochemistry on activity.  
In this light, the pioneering synthesis of the aza-DKP, c-[aza-Phe-Pro], and its 
incorporation into an analog of the peptidic moiety of ergotamine (Figure 3.1), led to a 
notable rearrangement giving imidazolinone surrogates of the oxazolidin-4-one moiety 
characteristic of ergotamine and related ergopeptins [19, 45]. Aza-diketopiperazines have 
been previously synthesized by condensations of proline esters with preformed Boc-aza-
amino acid chlorides [44] and nitrophenyl esters [46].  Our entry to aza-DKPs offers 
efficient means for diversifying the aza-residue, and may be useful for examining active 
DKPs [47, 48], and related triazines [49-51].  
3.3.6 N-Terminal deprotection without aza-DKP formation and 
enantiomeric purity.  
To avoid aza-DKP formation and afford a free amine building block for aza-peptide 
synthesis, N-benzophenone semicarbazone aza-Phe-Pro tert-butyl ester 31c was treated 
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with hydroxylamine hydrochloride in pyridine at 60 °C for 12 h [29]. Purification by 
chromatography on silica gel gave the free amine 40c in 88% yield (Scheme 3.6). 
Amine 40c was subsequently used for determining enantiomeric purity to ascertain whether 
alpha-carbon racemisation had occurred during semicarbazone alkylation and removal. 
Aza-tripeptides (R,S)- and (S,S)-41 were synthesized by coupling 40c repectively to Fmoc-
D- and L-alanine by way of a mixed anhydride, formed using isobutylchloroformate and N-
methylmorpholine. Without purification, aza-tripeptide (S,S)-41 was then demonstrated to 
be of >98% diastereomeric excess using normal phase HPLC with subsequent incremental 
additions of the (R,S)-41 diastereomer to establish the limits of detection (Scheme 6) (for 
HPLC analyses see supporting information).  Hence, no racemization was deemed to occur 
during the submonomer aza-peptide synthesis leading to pure (S,S)-41 and (R,S)-41 
diastereomers.  Moreover, the utility of the N-benzophenone semicarbazone aza-dipeptide 
tert-butyl ester as building block was validated by the synthesis of these aza-tripeptides and 
their purification in 92% and 95% yields. 
 
Scheme 3.6 Synthesis and diastereomeric purity of aza-tripeptides (R,S)- and (S,S)-41.  
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3.4 Conclusion 
The construction and alkylation of aza-Gly dipeptides to prepare a variety of aza-
dipeptides in solution has been achieved using benzophenone semicarbazone protection. 
Employing a variety of alkyl halides, methyl, allyl and propargyl side chains, which are 
challenging to introduce by traditional hydrazine chemistry, were incorporated specifically 
onto the aza-Gly residue by this submonomer synthesis. C-terminal amino acid residues 
bearing aliphatic and aromatic side-chains were tolerated such that removal of the ester and 
benzophenone semcarbazone protection could be accomplished selectively to afford 
dipeptide units for elongation on the C- and N-termini, respectively to afford aza-peptides 
with diastereomeric purity >98%. Employing acidic conditions to remove the 
benzophenone semicarbazone moiety from aza-Xaa-Pro methyl esters gave aza-
diketopiperazines 39a-c possessing a diverse series of side-chains at the aza-residue. By 
circumventing the issues of hydrazine synthesis, this method for aza-dipeptide and aza-
DKP synthesis has opened the way for preparing diverse analogs of these interesting 
structures in solution.  
3.5 Experimental section 
Unless otherwise noted, all reactions were performed under an argon atmosphere 
and distilled solvents were transferred by syringe. Benzophenone hydrazone and p-
nitrophenyl chloroformate were purchased from Aldrich Chemicals. Anhydrous solvents 
(THF, CH2Cl2, and CH3OH) were obtained by passage through solvent filtration systems 
(GlassContour, Irvine, CA). DIEA was distilled over ninhydrin and CaH2. Final reaction 
mixture solutions were dried over MgSO4 or Na2SO4. Chromatography was on 230-400 
mesh silica gel, and TLC was on glass-backed silica plates.  Melting points were made on a 
Gallankamp apparatus and are uncorrected. Specific rotations [α]D were measured at 20°C 
at the specified concentrations (c in g/100 mL) using a 1 dm cell on a Perkin Elmer 
Polarimeter 341 and the general formula: [α]D20 = (100*α)/(d*c). Accurate mass 
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measurements were performed on a LC-MSD-TOF instrument from Agilent technologies 
in positive electrospray mode at the Université de Montréal Mass Spectrometry facility. 
Analytical HPLC for enantiomeric purity determination was made by using an analytical 
Phenomenex Luna normal phase HPLC column (150× 4.60 mm, 3 µm).  Electrospray 
ionisation (ESI) method was used for High resolution mass spectrometry (HRMS). Either 
protonated molecular ions [M+H]+ or sodium adducts [M+Na]+ were used for empirical 
formula confirmation. 1H NMR spectra were measured in CDCl3, CD3OD or DMSO-d6 at 
400 MHz and referenced to CDCl3 (7.26 ppm), CD3OD (3.31 ppm) or DMSO-d6 (2.50 
ppm). 13C NMR were measured in CDCl3, CD3OD or DMSO-d6 at 100 MHz and 
respectively referenced to CDCl3 (77.0 ppm), CD3OD (49.0 ppm) or DMSO (39.52 ppm). 
Coupling constants, J values were measured in hertz (Hz) and chemical shift values in parts 
per million (ppm).  
Synthesis of Phthalimido aza-glycyl-phenylalanine-OMe (15): N-
Aminophthalimide 14 (2 g, 12.3 mmol, prepared according to the literature procedure [36]) 
was added to a solution of p-nitrophenylchloroformate (2.5 g,  12.3 mmol) in anhydrous 
dichloromethane (31 mL) at 0 °C under argon. The reaction mixture was stirred at rt for 2 
h, and when no more starting material appeared by TLC (Rf = 0.5, 1:1 v/v hexanes:EtOAc), 
the reaction was treated drop-wise with DIEA (2.1 mL, 12.3 mmol), stirred for 15 min and 
treated with a premixed solution of Phe-OMe•HCl (2.7 g, 12.4 mmol) and DIEA (2.1 mL, 
12.3 mmol) in CH2Cl2. After stirring at rt for 12 h, the mixture was diluted with CH2Cl2 
(100 mL) and extracted with a saturated solution of aqueous NaHCO3 (3×100 mL) and 
brine (1×100 mL). The combined organic phases were dried over MgSO4 and evaporated 
under reduced pressure. The crude product was purified by flash chromatography on silica 
gel with a 1:1 mixture of hexanes:ethyl acetate. Evaporation of the collected fractions gave 
aza-dipeptide 15 as a white solid (92 mg, 2%): mp 184-185°C; Rf 0.42 (hexanes/EtOAc 
1:1); [α]20D 104 (c 0.1, CHCl3); 1H NMR (CDCl3, 400 MHz): δ 3.09 (2H, m), 3.67 (3H, s), 
4.79 (1H, dd, J = 5.8, 2 Hz), 6.06 (1H, d, J = 7.8 Hz) , 7.11 (3H, t, J = 7.2 Hz),  7.19 (2H, t, 
J = 7,2 Hz), 7.51 (1H, s), 7.75 (2H, dd, J = 5.4, 3.1 Hz), 7.86 (2H, dd, J = 5.4, 3.1 Hz); 13C 
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NMR (CDCl3, 100 MHz): δ 37.6, 52.1, 53.8, 123.5, 126.6, 128.0, 129.1, 129.7, 134.2, 
135.3, 154.8, 165.7, 172.3. HRMS (ESI) m/z calcd for C19H18N3O5 368.1249, found 
[M+H]+ 368.1241. 
Benzhydrylidene aza-glycyl-glycine ethyl ester (21).  A stirred solution of p-
nitrophenyl chloroformate (464 mg, 2.3 mmol) in 20 mL of dichloromethane at 0 °C was 
treated drop-wise with a solution of benzophenone hydrazone 17 (451.4 mg, 2.3 mmol) in 
10 mL of dichloromethane. The ice bath was removed and the reaction was allowed to 
warm to room temperature. After 1 hour, complete disappearance of the hydrazone and 
formation of the activated methylidine carbazate intermediate 20 was observed by TLC Rf 
0.83 (EtOAc/hexane 1:1). The reaction mixture was treated with a premixed solution of 
ethyl glycinate hydrochloride (0.32 g, 2.3 mmol) and DIEA (0.8 mL, 4.6 mmol) in 
dichloromethane. After stirring overnight, the crude reaction mixture was concentrated 
under vacuum and purified by column chromatography on silica gel using 2:1 hexanes/ 
EtOAc as eluant.  Evaporation of the collected fractions gave semicarbazone 21 as a white 
solid (0.5 g, 60%). Rf 0.25 (hexanes/ EtOAc 2:1); mp 140-142°C; 1H NMR (CDCl3, 400 
MHz): δ 1.19 (3H, t, J = 7 Hz),  4.02 (2H, d, J = 5.6 Hz), 4.13 (2H, dd, J = 7, 14.4 Hz), 
6.78 (1H, t, J = 5.5 Hz), 7.1-7.4 (10H, m), 7.61 (1H, s); 13C NMR (CDCl3, 100 MHz): δ 
13.8, 41.4, 61.0, 126.8, 127.8, 127.9, 128.1, 129.0, 129.1, 129.4, 129.4, 129.5, 131.4, 136.5, 
148.2, 151.0, 154.9, 170. HRMS (ESI) m/z calcd for C18H20N3O3 [M+H]+, 326.1499; 
found, 326.1503.  
Benzhydrylidene aza-glycyl-leucine methyl ester (22) was synthesized according 
to the procedure described above for the synthesis of aza-Gly dipeptide 21 from methyl 
leucinate hydrochloride (0.3 g, 1.65 mmol), and the product was purified by column 
chromatography using 2:1 hexanes/EtOAc as eluant.  Evaporation of the collected fractions 
gave semicarbazone 22 as a white solid (0.4 g, 62%): Rf 0.47 (2:1 hexanes/EtOAc); mp 
148-150°C; [α]20D  26.7 (c 0.25, CHCl3). 1H NMR (CDCl3, 400 MHz): δ 0.91 (6H, dd, J = 
4, 8 Hz), 1.55-1.75 (3H, m), 3.67 (3H, s), 4.55 (1H, dt, J = 3.5, 9.7 Hz), 6.61 (1H, d, J = 8.8 
Hz), 7.15-7.46 (10H, m), 7.56 (1H, s); 13C NMR (CDCl3, 100 MHz): δ 13.8, 21.6, 22.6, 
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24.5, 41.6, 50.9, 51.8, 53.1, 126.8, 128.0, 128.1, 129.0, 129.3, 129.4, 129.5, 131.5, 136.6, 
148.1, 154.9, 173.5. HRMS (ESI) m/z calcd for C21H26N3O3 [M+H]+ 368.1969; found,  
368.1968.  
Benzhydrylidene aza-glycyl-D-phenylalanine methyl ester (23) was synthesized 
from D-phenylalanine methyl ester hydrochloride (4 g, 22.3 mmol) according to the 
procedure described above and purified by column chromatography using 1:1 
hexanes:EtOAc as eluant. Evaporation of the collected fractions gave semicarbazone 23 as 
a white solid (3.6 g, 44%). Rf 0.32 (ether/petroleum ether 4:1); mp 119.4-122.6, [α]20D –
34.6 (c 0.68, CHCl3); 1H NMR (CDCl3, 400 MHz): δ 3.20 (2H, m), 3.73 (3H, s), 4.85 (1H, 
m), 6.78 (1H, dd, J = 12, 24 Hz), 7.19-7.51 (15H, m) 7.58 (1H, s); 13C NMR (CDCl3, 100 
MHz): δ 38.2, 38.4, 52.1, 52.2, 53.3, 53.8, 126.8, 127.1, 128.1, 128.3, 128.4, 128.6, 129.2, 
129.3, 129.6, 129.7, 131.5, 135.9, 136, 136.7, 148.2, 154.6, 172.2, 172.9. HRMS (ESI) m/z 
calcd for C24H24N3O3 402.1812, found [M+H]+ 402.1825. 
Benzhydrylidene aza-glycyl-proline methyl ester (24) was synthesized according 
to the procedure above from proline methyl ester hydrochloride (640 mg, 4.96 mmol) and 
purified by column chromatography using 1:1 hexanes/EtOAc as eluant. Evaporation of the 
collected fractions gave semicarbazone 24, as a light yellow oil (1 g, 60%): Rf 0.36 
(hexanes/EtOAc 1:1); [α]20D –41.0 (c 1.0, CHCl3). 1H NMR (CDCl3, 400 MHz): δ 1.88-
2.06 (3H, m), 2.14-2.23 (1H, m), 3.55-3.65 (2H, m), 3.67 (3H, s), 4.64 (1H, d, J = 8 Hz), 
7.25-7.34 (5H, m), 7.48-7.56 (5H, m), 7.76 (1H, s); 13C NMR (CDCl3,100 MHz,): δ 24.4, 
30.2, 48.2, 52.6, 60.8, 116.4, 126.5, 127.8, 128.6, 128.9, 129.6, 130.2, 132.5, 137.4, 150.5, 
154.3, 164.4, 173.8. HRMS (ESI) m/z calcd for C20H22O3N3 [M+H]+ 352.1656; found, 
352.1671.  
Benzhydrylidene aza-glycyl-proline tert-butyl ester (25) was synthesized 
according to the general procedure above from a premixed solution of free amino proline 
tert-butyl ester (2.3 g, 11.68 mmol) with 1 equivalent of DIEA (2 mL, 11.68 mmol) in 
dichloromethane and purified by column chromatography using 3:2 hexanes/EtOAc as 
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eluant. Evaporation of the collected fractions gave semicarbazone 25, as a light yellow 
foam (2.32 g, 51%): Rf 0.37 (hexanes/EtOAc 1:1); [α]20D –42.3 (c 0.208, CHCl3). 1H NMR 
(CDCl3, 400 MHz): δ 1.26 (9H, s), 1.73-1.87 (3H, m), 2.06 (1H, s), 3.46 (2H, m), 4.51 (1H, 
s), 7.08-7.16 (5H, m), 7.38-7.43 (5H, m), 7.68 (1H, s); 13C NMR (CDCl3, 100 MHz): δ 
24.8, 28.2, 31.0, 48.1, 61.0, 81.4, 127.6, 128.5, 128.8, 129.3, 130.0, 130.1, 132.3, 137.6, 
148.9, 154.0, 172.1. HRMS (ESI)  m/z calcd for C23H28O3N3 [M+H]+ 394.2125; found, 
394.2142.  
Benzhydrylidene aza-glycyl-proline (26) was synthesized according to the 
procedure described above from proline (570 mg, 4.96 mmol) dissolved in methanol with 1 
equivalent of DIEA (0.86 mL, 4.96 mmol) and purified by column chromatography using 
20:1 EtOAc/AcOH as eluant. Evaporation of the collected fractions gave semicarbazone 26 
as a pale yellow foam (1 g, 57%): Rf 0.5 (EtOAc/AcOH 20:1); mp 86.2-88.2°C; [α]D20 –
97.3 (c 1.09, CHCl3).  1H NMR (CDCl3, 400 MHz): δ 1.94-2.04 (3H, m), 2.28 (1H, s), 3.44-
3.51 (2H, m), 4.57 (1H, dd, J = 2.8, 4.8 Hz), 7.28-7.33 (5H, m), 7.50-7.58 (5H, m), 7.92 
(1H, br s); 13C NMR (CDCl3, 100 MHz): δ 24.3, 28.2, 47.3, 60.4, 127.3, 128.1, 128.2, 
129.3, 129.7, 129.8, 131.6, 136.8, 150.9, 155.0. HRMS (ESI) m/z calcd for C19H20O3N3 
[M+H]+ 338.1499; found, 338.1499.   
Benzhydrylidene aza-glycyl-D-phenylalanine (27) was synthesized from D-
phenylalanine (4 g, 20.4 mmol) in dichloromethane according to the procedure described 
above and purified by column chromatography using 9:1 DCM/MeOH as eluant. 
Evaporation of the collected fractions gave semicarbazone 27 as a white solid (3.23 g, 41 
%): Rf 0.35 (MeOH/DCM 1:9); mp= 210.1-213.0; [α]20D 21.2 (c 0.84, CHCl3).  1H NMR 
(DMSO-d6, 400 MHz): δ 3.12-3.17 (2H, m), 4.48 (1H, dd, J = 6.6, 13.6 Hz), 7.09 (1H, d, J 
= 8.2 Hz), 7.25-7.42 (12H, m), 7.52-7.60 (3H, m), 8.50 (1H, br s), 12.85 (1H, br s); 13C 
NMR (DMSO-d6, 100 MHz): δ 38.2, 40.5, 40.8, 41.1, 41.3, 41.6, 54.8, 127.9, 128.0, 129.6, 
129.7, 130.3, 130.5, 130.7, 130.8, 133.4, 138.6, 138.7, 148.5, 155.7, 174.6. HRMS (ESI) 
m/z calcd for C23H22O3N3 [M+H]+ 388.1656; found, 388.1662.    
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Benzhydrylidene aza-propargylglycyl-proline methyl ester (29a) was 
synthesized from benzophenone aza-Gly-Pro-OMe 24 (400 mg, 1.14 mmol) dissolved in 5 
mL of anhydrous THF at 0 °C. This solution was treated with 1.1 equivalence of tBuOK 
(141 mg, 1.25 mmol) and stirred for 15 minutes prior to the dropwise addition of 1.1 
equivalence of propargyl bromide (112 µL, 1.25 mmol). The reaction was allowed to warm 
to room temperature and left to react overnight. After evaporation under reduced pressure, 
the crude material was purified by chromatography on silica gel using 20% EtOAc in 
hexanes as solvent system. Evaporation of the collected fractions gave the propargyl 
semicarbazone 29a as a pale yellow foam (165 mg, 37%): Rf 0.52 (hexanes/EtOAc 1:1); 
[α]20D –126 (c 0.21, CHCl3). 1H NMR (CDCl3, 400 MHz): δ 1.76-1.83 (1H, m), 1.86-1.94 
(2H, m), 2.09 (1H, t, J = 2.4 Hz), 2.10-2.12 (1H, m), 3.45 (3H, s), 3.69-3.76 (3H, m), 4.31 
(1H, dd, J = 2.4, 17.6 Hz), 4.52 (1H, dd, J = 3.2, 8.4 Hz), 7.36-7.38 (2H, m), 7.41-7.43 (3H, 
m), 7.46-7.48 (3H, m), 7.52-7.56 (2H, m); 13C NMR (CDCl3,100 MHz,): δ 38.1, 49.7, 52.1, 
61.3, 72.0, 77.1, 79.6, 128.5, 129.1, 129.2, 129.3, 129.9, 130.5, 136.3, 136.7, 159.9, 161.0, 
173.8. HRMS (ESI) m/z calcd for C23H24O3N3 [M+H] + 390.1739; found, 390.1812.  
Benzhydrylidene aza-allylglycyl-proline methyl ester (29b) was synthesized 
according to the procedure described for 29a but using allyl bromide (0.11 mL, 1.25 mmol) 
as alkyl agent. After purification by chromatography on silica gel using 20% EtOAc in 
hexanes as solvent system, the evaporation of the collected fractions gave the allyl 
semicarbazone 29b as a pale yellow foam (87 mg, 20%): Rf 0.50 (hexanes/EtOAc 1:1); 
[α]20D –179 (c 0.267, CHCl3). 1H NMR (CDCl3, 400 MHz): δ 1.78-2.04 (3H, m), 2.12-2.19 
(1H, m), 3.43 (3H, s), 3.63-3.69 (3H, m), 4.11 (1H, dd, J = 5.2 Hz, 16 Hz), 4.50 (1H, dd, J 
= 3.6 Hz, 8.4 Hz), 4.88 (1H, dd, J = 1.2 Hz, 17.2 Hz ), 5.01 (1H, dd, J = 1.2 Hz, 9.2 Hz), 
5.61-5.69 (1H, m), 7.34-7.41 (5H, m), 7.46-7.49 (5H, m); 13C NMR (CDCl3,100 MHz,) δ 
23.8, 29.9, 49.1, 51.1, 51.4, 60.8, 116.9, 127.8, 128.5, 128.6, 128.7, 129.2, 129.7, 133.5, 
136.4, 138.5, 159.3, 160.1, 173.3. HRMS (ESI) m/z calcd for C23H26O3N3 [M+H]+ 
390.1896; found, 390.1969. 
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Benzhydrylidene aza-phenylalanyl-proline methyl ester (29c) was synthesized 
according to the procedure described for 29a but using benzyl bromide (0.15 mL, 1.25 
mmol) as alkyl agent. After purification by chromatography on silica gel using 20% EtOAc 
in hexanes as solvent system, the evaporation of the collected fractions gave the benzyl 
semicarbazone 29c as a yellow foam (77 mg, 15%): Rf 0.53 (hexanes/EtOAc 1:1); [α]20D –
101 (c 0.467, CHCl3). 1H NMR (CDCl3, 400 MHz): δ 1.81–1.95 (3H, m), 2.14-2.19 (1H, 
m), 3.47 (3H, s), 3.68-3.79 (2H, m), 4.36 (1H, d, J = 16Hz), 4.55 (1H, dd, J = 3.6 Hz, 8 
Hz), 4.76 (1H, d, J = 16 Hz ), 7.06-7.45 (15H, m); 13C NMR (CDCl3,100 MHz,): δ 23.9, 
29.5, 29.9, 49.3, 51.5, 51.9, 60.9, 126.5, 127.5, 127.7, 127.8, 128.3, 128.6, 128.8, 129.3, 
129.6, 136.1, 137, 138.6, 159.3, 160.0, 173.4. HRMS (ESI) m/z calcd for C27H28O3N3 
[M+H]+ 442.2052; found, 442.2124  
Benzhydrylidene aza-alanyl-proline methyl ester (29d) was synthesized 
according to the procedure described for 29a but using methyl iodide (0.15 mL, 1.25 mmol) 
as alkyl agent. After purification by chromatography on silica gel using 20% EtOAc in 
hexanes as solvent system, the evaporation of the collected fractions gave the methyl 
semicarbazone 29d as a light yellow foam (248 mg, 80%): Rf 0.39 (hexanes/EtOAc 1:1); 
[α]20D –173 (c 0.33, CHCl3). 1H NMR (CDCl3, 400 MHz): δ 1.84–1.96 (3H, m), 2.13-2.16 
(1H, m), 2.76 (3H, s), 3.39 (3H, s), 3.73 (2H, t, J = 6.8 Hz), 4.56 (1H, dd, J = 3.6 Hz, 8.4 
Hz), 7.33-7.39 (5H, m), 7.44-7.48 (5H, m); 13C NMR (CDCl3, 100 MHz): δ 23.7, 30.1, 
37.6, 49.4, 51.4, 61.1, 127.8, 127.9, 128.1, 128.5, 128.9, 129.1, 129.5, 136.4, 138.7, 156.7, 
159.9, 173.5. HRMS (ESI) m/z calcd for C21H24O3N3 [M+H] + 366.1739; found, 366.1814. 
Benzhydrylidene aza-phenylalanilyl-D-phenylalanine methyl ester (30) was 
synthesized according to the procedure described for 29c from 23 (0.46 mmol) using benzyl 
bromide (65.8 µL, 0.55 mmol) as alkyl agent. After purification by chromatography on 
silica gel using 15% EtOAc in hexanes as solvent system, the evaporation of the collected 
fractions gave the benzyl semicarbazone 30 as a yellow oil (33.3 mg, 14%): Rf 0.52 (1:1 
hexane:EtOAc); [α]20D 27.6 (c 0.47, CHCl3). 1H NMR (CDCl3, 400 MHz): δ 3.17-3.30 (2H, 
m), 3.78 (3H, s), 4.45 (1H, d, J = 16.4 Hz), 4.65 (1H, d, J = 16.4 Hz), 4.94 (1H, dd, J = 7.2 
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Hz, 13.2 Hz), 6.79 (2H, d, J = 7.2 Hz), 7.08-7.49 (19H, m); 13C NMR (CDCl3,100 MHz,) δ 
38.1, 49.0, 52.1, 54.4, 126.6, 126.9, 127.0, 127.9, 128.3, 128.4, 128.5, 129.1, 129.2, 129.6, 
129.7, 135.5, 136.2, 136.5, 138.7, 157.1, 158.3, 172.6. HRMS (ESI) m/z calcd for 
C31H29O3N3 [M+Na]+ 514.2101; found, 514.2119. 
Benzhydrylidene aza-propargylglycyl-proline tert-butyl ester (31a) was 
synthesized from benzophenone aza-Gly-Pro-OtBu 25 (200 mg, 0.51 mmol) dissolved in 2 
mL of anhydrous THF at 0 °C. This solution was treated with 1.1 equivalence of tBuOK 
(63 mg, 0.56 mmol) and the reaction mixture was stirred for 15 minutes followed by 
dropwise addition of 1.1 equivalence of propargyl bromide (50 µL, 0.56 mmol). The 
reaction was allowed to warm to room temperature and left to react overnight. After 
evaporation under reduced pressure, the crude material was purified by chromatography on 
silica gel using 20% EtOAc in hexanes as solvent system. Evaporation of the collected 
fractions gave the propargyl semicarbazone 31a as a white foam (158 mg, 72%): Rf 0.40 
(hexanes/EtOAc 7:3); [α]20D –17.6 (c 0.193, CHCl3). 1H NMR (CDCl3, 400 MHz): δ 1.44 
(9H, s), 1.74-1.77 (1H, m), 1.86-1.91 (2H, m), 2.10-2.13 (2H, m), 3.60-3.64 (2H, m), 3.65 
(1H, d, J = 2.4 Hz), 3.92 (1H, d, J = 17.6 Hz) 4.49 (1H, m), 7.33-7.36 (2H, m), 7.39-7.45 
(6H, m), 7.57-7.59 (2H, m); 13C NMR (CDCl3,100 MHz): δ 24.6, 28.4, 30.1, 38.7, 49.7, 
61.8, 71.9, 79.9, 81.3, 128.5 128.9, 129, 129.2, 129.7, 130.4, 136.4, 138.7, 159.7, 161,1, 
172.6. HRMS (ESI) m/z calcd for C26H30O3N3 [M+H]+ 432.2282; found, 432.2301.  
Benzhydrylidene aza-allylglycyl-proline tert-butyl ester (31b) was synthesized 
according to the procedure described for the synthesis of aza-propargylglycyl dipeptide 31a 
but using allyl bromide (47 µL, 0.56 mmol) as alkyl agent. After purification by 
chromatography on silica gel using 20% EtOAc in hexanes as solvent system, the 
evaporation of the collected fractions gave the allyl semicarbazone 31b as a yellow oil (124 
mg, 56%): Rf 0.46 (hexanes/EtOAc 7:3); [α]20D –3.6 (c 0.165, CHCl3). 1H NMR (CDCl3, 
400 MHz): δ 1.45 (9H, s), 1.65-1.72 (1H, m), 1.84-1.90 (2H, m), 2.07-2.14 (1H, m), 3.55-
3.62 (2H, m), 3.82 (1H, dd, J = 6 Hz, 15.9 Hz), 4.02 (1H, dd, J = 5.6Hz, 15.9 Hz), 4.39 
(1H, dd, J = 4.4 Hz, 8.4 Hz), 4.93 (1H, dd, J = 1.6 Hz, 17.2Hz ), 5.02 (1H, dd, J = 1.2 Hz, 
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10.4 Hz), 5.64-5.71 (1H, m), 7.32-7.45 (8H, m), 7.52-7.55 (2H, m); 13C NMR (CDCl3,100 
MHz): δ 24.8, 28.4, 30.0, 49.7, 52.2, 61.8, 81.1, 117.3, 128.4, 128.9, 129.2, 129.5, 130.1, 
134.4, 137.0, 139.0, 159.7, 160.4, 172.7. HRMS (ESI) m/z calcd for C26H32O3N3 [M+H]+ 
434.2607; found, 434.2481.   
Benzhydrylidene aza-phenylalanyl-proline tert-butyl ester (31c) was synthesized 
according to the procedure described for 31a but using benzyl bromide (67 µL, 0.56 mmol) 
as alkyl agent. After purification by chromatography on silica gel using 20% EtOAc in 
hexanes as solvent system, the evaporation of the collected fractions gave the benzyl 
semicarbazone 31c as a yellow oil (207 mg, 84%): Rf 0.52 (hexanes/EtOAc 7:3); [α]20D 10 
(c 0.22, CHCl3). 1H NMR (CDCl3, 400 MHz): δ 1.49 (9H, s), 1.71–1.78 (1H, m), 1.82-1.98 
(2H, m), 2.14-2.19 (1H, m), 3.59-3.68 (2H, m), 4.42-4.46 (1H, m), 4.58 (1H, d, J = 16 Hz), 
4.66 (1H, d, J = 16 Hz), 7.12-7.18 (3H, m), 7.22-7.29 (6H, m), 7.42-7.43 (6H, m); 13C 
NMR (CDCl3,100 MHz): δ 24.9, 28.4, 30.1, 49.9, 53.2, 62.0, 81.2, 127.0, 128.3, 128.4, 
128.6, 128.8, 128.9, 129.3, 129.6, 130.1, 136.8, 137.9, 139.1, 159.6, 160.4, 172.7. HRMS 
(ESI) m/z calcd for C30H34O3N3 [M+H]+ 484.2414; found, 484.2641   
Benzhydrylidene aza-alanyl-proline tert-butyl ester (31d) was synthesized 
according to the procedure described for 31a but using methyl iodide (35 µL, 0.56 mmol) 
as alkyl agent. After purification by chromatography on silica gel using 20% EtOAc in 
hexanes as solvent system, the evaporation of the collected fractions gave the methyl 
semicarbazone 31d as a light yellow oil (152 mg, 73%): Rf 0.38 (hexanes/EtOAc 7:3); 
[α]20D –9.7 (c 0.27, CHCl3). 1H NMR (CDCl3, 400 MHz): δ 1.43 (9H, s), 1.72-1.76 (1H, 
m), 1.77-1.95 (2H, m), 2.14-2.19 (1H, m), 2.77 (3H, s), 3.63-3.74 (2H, m), 4.51 (1H, dd, J 
= 4.4 Hz, 8 Hz), 7.29-7.35 (5H, m), 7.41-7.43 (3H, m), 7.52-7.54 (2H, m); 13C NMR 
(CDCl3, 100 MHz): δ 24.7, 28.4, 30.3, 38.4, 50.1, 62.1, 81.1, 128.5, 128.8, 128.9, 129.4, 
129.5, 129.9, 137.0, 139.3, 156.4, 160.2, 172.9. HRMS (ESI) m/z calcd for C24H30O3N3 
[M+H]+ 408.2282; found, 408.2299.  
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Benzhydrylidene aza-allylglycyl-glycine ethyl ester (32) was synthesized 
according to the procedure described for aza-allylglycyl dipeptide 29b from the 
semicarbazone aza-Gly-Gly-OEt (50 mg, 0.15 mmol) using allyl bromide (20 µL, 0.18 
mmol) as alkyl agent. After purification by flash chromatography on silica gel using EtOAc 
in hexanes (1:2) as solvent system, the evaporation of the collected fractions gave the allyl 
semicarbazone 32 as an oil (35 mg, 60%): Rf 0.45 (hexanes/EtOAc 2:1);  1H NMR (CDCl3, 
400 MHz): δ 1.23 (3H, t, J = 7 Hz),  3.86 (2H, dd, J = 1.6 Hz, 3.8 Hz), 4.05 (2H, d, J = 5.7 
Hz), 4.16 (2H, q, J = 7 Hz), 4.78 (1H, dd, J = 1 Hz, 10 Hz), 4.92 (1H, dd, J = 1 Hz, 10 Hz) 
5.33-5.43 (1H, m), 6.89 (1H, t,  J = 5.5 Hz), 7.18-7.42 (10H, m); 13C NMR (CDCl3,100 
MHz): δ 13.8, 42.2, 47.9, 60.8, 116.3, 127.8, 128.2, 128.3, 128.7, 129.3, 129.6, 132.4, 
135.6, 138.4, 157.7, 158.4, 170.3. HRMS (ESI) m/z calcd for C21H24N3O3, [M+H] + 
366.1813; found, 366.1812.  
Benzhydrylidene aza-propargylglycyl-proline propargyl ester (33) was 
synthesized from benzophenone aza-Gly-Pro-OH 26 (200 mg, 0.59 mmol) dissolved in 5 
mL of anhydrous THF at 0 °C. This solution was treated with 2 equivalence of tBuOK (133 
mg, 1.18 mmol) and the reaction mixture was stirred for 15 minutes followed by the 
dropwise addition of 5 equivalence of propargyl bromide (0.26 mL, 2.97 mmol). The 
reaction was allowed to warm to room temperature and left to react overnight. After 
evaporation under reduced pressure, the crude material was purified by flash 
chromatography on silica gel using 20% EtOAc in hexanes as solvent system. Evaporation 
of the collected fractions gave the propargyl semicarbazone 33 as a light yellow foam (125 
mg, 51%): Rf 0.42 (hexane/EtOAc 1:1); [α]20D –225 (c 0.09, CHCl3). 1H NMR (CDCl3, 400 
MHz): δ 1.83 (1H, m), 1.92-1.99 (2H, m), 2.03 (1H, s), 2.08-2.16 (1H, m), 2.41 (1H, s), 
3.62-3.72 (3H, m), 4.32 (1H, d, J = 2 Hz), 4.36 (1H, d, J = 2 Hz), 4,52 (2H, m), 7.31-7.51 
(10H, m); 13C NMR (CDCl3,100 MHz): δ 23.2, 29.3, 29.7, 37.1, 49.0, 51.5, 60.6, 71.4, 
74.6, 76.5, 77.2, 78.7, 127.8, 127.9, 128.3, 128.4, 128.5, 129.3, 129.8, 135.5, 138.0, 159.3, 
160.1, 171.5.  HRMS (ESI) m/z calcd for C25H24O3N3 [M+H]+ 414.1812; found, 414.1826.   
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Benzhydrylidene aza-propargylglycyl-D-phenylalanine propargyl ester (34a) 
was synthesized from benzophenone aza-Gly-D-Phe-OH 27 (500 mg, 1.29 mmol) 
according to the procedure used for di-alkylated aza-analog 33 using benzyl bromide. After 
purification by flash chromatography using a gradient solvent of 1:9 ethyl acetate in 
hexanes, evaporation of the collected fractions afforded 34a as a yellow oil in 22% yield 
(131 mg). Rf 0.61 (hexanes/EtOAc 1:1); [α]20D 50.5 (c 1.0, CHCl3). 1H NMR (CDCl3, 400 
MHz): δ 2.06 (1H, s), 2.51 (1H, s), 3.21-3.24 (2H, m), 3.85 (1H, d, J = 20.4 Hz), 4.19 (1H, 
d, J = 18 Hz), 4.24 (1H, d, J = 2.4 Hz), 4.78 (1H, d, J = 2.4 Hz), 4.89 (1H, m), 7.01 (1H, d, 
J = 7.7 Hz), 7.21-7.28 (5H, m), 7.32-7.41 (4H, m), 7.44-7.46 (6H, m); 13C NMR 
(CDCl3,100 MHz): δ 35.0, 37.8, 52.4, 54.2, 71.8, 75.2, 78.3, 126.9, 128.0, 128.5, 129.0, 
129.4, 129.6, 130.0, 135.2, 135.7, 138.2, 157.6, 158.2, 171.0. HRMS (ESI) m/z calcd for 
C29H26O3N3 [M+H]+ 464.1968; found, 464.1991.   
Benzhydrylidene aza-phenylalanine-D-phenylalanine benzyl ester (34b) was 
synthesized from benzophenone aza-Gly-D-Phe-OH 27 (500 mg, 1.29 mmol) according to 
the procedure used for di-alkylated aza-analog 33 using benzyl bromide. After purification 
by flash chromatography using a gradient solvent from 1:9 to 1:1 ethyl acetate in hexanes, 
evaporation of the collected fractions afforded 34b as a yellow oil in 63% yield (457 mg). 
Rf 0.62 (hexanes/EtOAc 1:1); [α]20D 35.2 (c 0.97, CHCl3). 1H NMR (CDCl3, 400 MHz): δ 
3.20-3.25 (2H, m), 4.55 (1H, d, J = 22 Hz), 4.63 (1H, d, J  = 22 Hz), 4.99 (1H, m), 5.19 
(2H, m), 6.79 (2H, m), 7.08-7.46 (25H, m); 13C NMR (CDCl3,100 MHz): δ 39.1, 50.0, 
55.3, 67.8, 127.5, 127.7, 128.0, 128.8, 129.1, 129.2, 129.3, 129.4, 130.0, 130.2, 130.5, 
130.6, 136.3, 136.5, 137.1, 137.5, 139.6, 158.1, 159.2, 172.8. HRMS (ESI) m/z calcd for 
C37H35O3N3 [M+H]+ 568.2595; found, 568.2603.   
Benzhydrylidene aza-propargylglycyl-prolyl-diphenylmethylamide (35) was 
synthesized according to the procedure described for 29a using propargyl bromide (11.3 
µL, 0.127 mmol) as alkyl agent. After purification by chromatography on silica gel using 
1:1 EtOAc/hexanes as solvent system, the evaporation of the collected fractions gave the 
propargyl semicarbazone 35 as a pale yellow foam (30 mg, 48%): Rf 0.46 (hexanes/EtOAc 
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1:1); [α]20D 196 (c 0.17, CHCl3). 1H NMR (CDCl3, 400 MHz): δ 1.75–1.88 (2H, m), 2.01 
(1H, t, J = 2.4 Hz), 2.10-2.17 (2H, m), 3.53-33.62 (3H, m), 4.33 (1H, dd, J = 2.3 Hz, 17.6 
Hz), 4.78 (1H, dd, J = 6 Hz, 7.75 Hz), 6.21 (1H, d, J = 8.3 Hz), 7.23-7.38 (13H, m), 7.38-
7.40 (5H, m), 7.45-7.47 (3H, m), 7.48 (1H, d, J = 8.3 Hz); 13C NMR (CDCl3,100 MHz): δ 
25.2, 28.3, 37.4, 50.1, 56.7, 61.5, 71.5, 78.9, 127.0, 127.1, 127.2, 128.0, 128.3, 128.4, 
128.5, 128.7, 129.5, 130.1, 135.4, 137.8, 141.5, 141.9, 161.0, 161.6, 171.0. HRMS (ESI) 
m/z calcd for C35H34O4N3 [M+H]+ 541.2598; found, 541.2603.   
Benzhydrilidene aza-propargylglycyl-proline diphenylmethylamide (35a) was 
synthesized from tert-butyl ester 31a (88 mg, 0.204 mmol) dissolved in 10 mL of 
dichloromethane. This solution was treated with HCl gas bubbles via Teflon canula.  After 
striring for 2 hours, the reaction was evaporated under reduce pressure and placed under 
vacuum for 2 h. The crude salt was dissolved in THF, cooled to –15 °C and treated 
sequentially with isobutyl chloroformate (27 µL, 0.204 mmol) and N-methyl morpholine 
(22 µL, 0.204 mmol).  After 15 min, dibenzylmethyl amine (53 µL, 0.306 mmol) was 
added to the reaction mixture, which was stirred at –15°C for 2 h.  After removal of the 
volatiles by rotary evaporation under reduce pressure, the crude was amide was purified by 
chromatography on silica gel using 50% EtOAc in hexane as eluent.  Evaporation of the 
collected fractions afforded 16.7 mg (15% yield) of 35a which exhibited the same spectral 
and physical properties of material, as described above. 
 Benzhydrilidene aza-allylglycyl-proline diphenylmethylamide (35b) was 
synthesized according to the procedure described above for the synthesis of amide 35a 
using tert-butyl ester 31b (80 mg, 0.18 mmol), which afforded 39.7 mg (40% yield) of 35b: 
Rf 0.38 (hexanes/EtOAc 1:1); [α]20D 228 (c 0.17, CHCl3). 1H NMR (CDCl3, 400 MHz): δ 
1.79-1.86 (2H, m), 2.11-2.16 (2H, m), 3.39-3.44 (1H, dd, J = 7.6 Hz, 16 Hz), 3.54-3.62 
(2H, m), 4.18-4.23 (1H, dd, J = 4.4 Hz, 20 Hz), 4.80-4.86 (2H, m), 4.96-4.98 (1H, d, J = 
10.4 Hz), 5.51-5.62 (1H, m), 6.25 (1H, d, J = 8.4 Hz), 7.22-7.42 (17H, m), 7.48-7.50 (3H, 
m), 7.60 (1H, d, J = 8.4 Hz); 13C NMR (CDCl3,100 MHz): δ 25.1, 28.3, 50.0, 50.6, 56.2, 
61.2, 117.2, 126.9, 126.9, 127.0, 127.1, 127.8, 128.1, 128.2, 128.3, 128.4, 129.3, 129.7, 
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133.0, 135.7, 137.8, 141.4, 141.5, 159.9, 161.9, 171.0. HRMS (ESI) m/z calcd for 
C35H35O2N4 [M+H]+ 543.2755; found, 543.2771.   
Benzhydrylidene aza-phenylalanyl-proline diphenylmethylamide (35c) was 
synthesized according to the procedure described for 35a from tert-butyl ester 31c (50 mg, 
0.1 mmol), which afforded 47 mg (74% yield) of amide 35c: Rf 0.55 (hexanes/EtOAc 1:1); 
[α]20D 240 (c 0.197, CHCl3). 1H NMR (CDCl3, 400 MHz): δ 1.78–1.90 (2H, m), 2.14-2.24 
(2H, m), 3.57-3.70 (2H, m), 4.06 (1H, d, J = 16 Hz), 4.88-4.92 (1H, m), 4.98 (1H, d, J = 16 
Hz), 6.23 (1H, d, J = 8 Hz), 7.02-7.36 (22H, m), 7.38-7.47 (3H, m), 7.57 (1H, d, J = 8 Hz); 
13C NMR (CDCl3,100 MHz): δ 25.0, 28.3, 50.2, 51.3, 56.7, 61.5, 126.5, 126.8, 126.9, 
127.0, 127.6, 127.7, 128.1, 128.2, 128.3, 128.4, 128.5, 129.3, 129.6, 135.6, 136.4, 137.9, 
141.3, 141.7, 159.3, 162.1, 171.1. HRMS (ESI) m/z calcd for C39H37O2N4 [M+H]+ 
593.2911; found, 593.2928.   
Benzhydrylidene aza-alanyl-proline diphenylmethylamide (35d) was 
synthesized according to the procedure described for 35a from tert-butyl ester 31d (70 mg, 
0.17 mmol), which gave 11 mg (12% yield) of 35d: Rf 0.36 (hexanes/EtOAc 1:1); [α]20D 
166 (c 0.22, CHCl3). 1H NMR (CDCl3, 400 MHz): δ 1.78-1.89 (2H, m), 2.11-2.17 (2H, m), 
2.74 (3H, s), 3.55-3.69 (2H, m), 4.84 (1H, t, J = 6 Hz), 6.24 (1H, d, J = 8 Hz), 7.22-7.33 
(20H, m), 7.38 (1H, d, J = 8 Hz); 13C NMR (CDCl3,100 MHz): δ 25.0, 28.4, 36.8, 50.1, 
56.1, 61.5, 126.9, 126.9, 127.0, 127.1, 127.2, 127.8, 127.9, 128.2, 128.3, 128.4, 128.5, 
128.6, 129.1, 129.5, 135.6, 137.9, 141.4, 141.6, 158.0, 161.8, 171.3. HRMS (ESI) m/z 
calcd for C33H33O2N4 [M+H]+ 517.2598; found, 517.2609.  
Benzhydrylidene aza-propargylglycyl-proline (36a) was synthesized from 
benzophenone aza-propargylGly-Pro-OMe 29a (27 mg, 0.069 mmol) dissolved in 5 mL of 
a mixture of 3:1 MeOH/H2O at 5 °C. To this solution was added 2 equivalence of LiOH 
(3.3 mg, 0.138 mmol) and the reaction was stirred overnight. After evaporation, the crude 
material was diluted with 5 mL of 1 N HCl and extracted with EtOAc (3×10 mL). The 
organic phase was dried over Na2SO4 and concentrated in vacuo to give the acid 36a as a 
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yellow foam (23 mg, 89%): Rf 0.64 (EtOAc/AcOH 20:1); [α]20D –168 (c 0.1, CHCl3). 1H 
NMR (CDCl3, 400 MHz): δ 1.81-1.84 (1H, m), 1.89-2.00 (3H, m), 2.10-2.14 (1H, s), 2.14-
2.25 (1H, m), 3.64-3.79 (3H, m), 4.26-4.51 (1H, dd, J = 1.6 Hz, 18 Hz), 4.51 (1H, m), 7.34-
7.56 (10H, m); 13C NMR (CDCl3,100 MHz): δ 24.1, 37.7, 49.2, 71.6, 78.4, 127.8, 127.9, 
128.3, 128.4, 128.5, 129.4, 129.7, 130.0, 132.1, 135.1, 137.6, 160.2, 161.7. HRMS (ESI) 
m/z calcd for C22H22O3N3 [M+H]+ 376.1656; found, 376.1652.  
Benzhydrylidene aza-allylglycyl-proline (36b) was synthesized according to the 
procedure described for 36a. Evaporation of the collected fractions gave the allyl 
semicarbazone 36b as a pale yellow oil (12.4 mg, 44%): Rf 0.58 (EtOAc/AcOH 20:1); 
[α]20D –219 (c 0.148, CHCl3). 1H NMR (CDCl3, 400 MHz): δ 1.73-2.00 (3H, m), 2.32-2.35 
(1H, m), 3.58-3.73 (3H, m), 4.09 (1H, dd, J = 5.2 Hz, 15.9 Hz), 4.50 (1H, m), 4.92 (1H, dd, 
J = 1.2 Hz, 15.6 Hz), 5.08 (1H, dd, J = 1.1 Hz, 10.3 Hz), 5.63-5.68 (1H, m), 7.34-7.37 (4H, 
m), 7.43-7.53 (6H, m); 13C NMR (CDCl3, 100 MHz): δ 24.6, 27.8, 29.5, 49.6, 51.6, 61.5, 
117.5, 128.1, 128.2, 128.5, 128.6, 128.7, 129.6, 129.9, 130.2, 132.9, 135.7, 137.8, 161.5, 
173.6. HRMS (ESI) m/z calcd for C22H24O3N3 [M+H]+ 378.1812; found, 378.1805.  
Benzhydrylidene aza-phenylalanyl-proline (36c) was synthesized according to 
the procedure described for 36a. Evaporation of the collected fractions gave the benzyl 
semicarbazone 36c as a pale yellow foam (10.9 mg, 38%): Rf 0.61 (EtOAc/AcOH 20:1); 
[α]20D –154 (c 0.122, CHCl3). 1H NMR (CDCl3, 400 MHz): δ 1.81-2.06 (3H, m), 2.33-2.35 
(1H, m), 3.58-3.73 (3H, m), 4.36 (1H, d, J = 15.7 Hz), 4.51 (1H, m), 4.76 (1H, d, J = 15.7 
Hz), 7.00-7.10 (2H, m) 7.12-7.48 (13H, m); 13C NMR (CDCl3,100 MHz): δ 24.5, 26.4, 
27.6, 29.4, 44.9, 49.5, 52.1, 61.5, 126.8, 127.6, 127.7, 127.8, 127.9, 128.4, 128.6, 129.6, 
129.7, 130.0, 132.1, 135.2, 136.1, 137.2, 137.6, 161.0, 161.7, 173.6. HRMS (ESI) m/z 
calcd for C26H26O3N3 [M+H] + 428.1969; found, 428.1963.      
Benzhydrylidene aza-alanyl-proline (36d) was synthesized according to the 
procedure described for 36a. Evaporation of the collected fractions gave the methyl 
semicarbazone 36d as a light yellow foam (20.2 mg, 57%): Rf 0.51 (EtOAc/AcOH 20:1); 
Chapitre 3 
 
 
90 
[α]20D –193 (c 0.267, CHCl3). 1H NMR (CDCl3, 400 MHz): δ 1.81-2.12 (3H, m), 2.18-2.31 
(1H, m), 2.81 (3H, s), 3.68-3.78 (2H, m), 4.58 (1H, m), 7.28-7.53 (10H, m), 7.79-7.82 (1H, 
m) ; 13C NMR (CDCl3,100 MHz,): δ 24.6, 28.0, 37.8, 49.9, 61.7, 128.0, 128.1, 128.4, 
128.6, 128.7, 129.5, 129.9, 130.1, 132.3, 135.7, 138.0, 159.3, 161.1, 174.2. HRMS (ESI) 
m/z calcd for C20H22O3N3 [M+H]+ 352.1656; found, 352.1649.  
Aza-hydantoin 37 was obtained as side product during the synthesis of aza-
propargylglycyl proline methyl ester 29a, and purified by chromatography on silica gel 
using 20% EtOAc in hexanes as solvent system. Second to be eluted was aza-hydantoin 37, 
which gave after evaporation of the collected fractions a white foam (30.5 mg, 20%): Rf 
0.47 (hexanes/EtOAc 1:1); [α]20D –166 (c 0. 12, CHCl3). 1H NMR (CDCl3, 400 MHz): δ 
1.89-1.94 (2H, m), 2.08-2.19 (1H, m), 3.12-3.23 (1H, m), 3.61 (1H, m), 3.94 (1H, t, J = 8 
Hz), 7.33-7.44 (8H, m), 7.71-7.74 (2H, m); 13C NMR (CDCl3,100 MHz,): δ 27.0, 27.8, 
46.5, 62.5, 77.7, 128.4, 128.5, 128.7, 130.2, 130.4, 132.7, 134.9, 136.01, 157.9, 168.4, 
180.1. HRMS (ESI) m/z calcd for C19H18O2N3 [M+H] + 320.1394; found, 320.1398.   
c-[Aza-propargylglycyl-prolyl] (39a) was synthesized by treatment of 
benzophenone protected aza-propargylglycyl proline methyl ester 29a (30 mg, 0.077 mmol) 
with a mixture of 5 mL of HCl 1 N and 5 mL of THF at 40 °C overnight. After 
concentrated under reduced pressure, the aqueous crude mixture was extracted with EtOAc 
(3×10 mL) and the organic phase was dried over Na2SO4 and concentrated under vacuum. 
The crude material was purified by flash chromatography on silica gel using 100% EtOAc 
to finally give the aza-DKP 39a as a pale yellow foam (12.5 mg, 84%): Rf 0.25 (100% 
EtOAc); [α]20D –18 (c 0.103, CHCl3). 1H NMR (CD3OD, 400 MHz): δ 1.92-2.15 (3H, m), 
2.21-2.31 (1H, m), 2.76 (1H, t, J = 2.4 Hz), 3.52 (2H, t, J = 7.2 Hz), 4.11 (1H, dd, J = 7.6 
Hz, 9.2 Hz), 4.17 (1H, dd, J = 2.4 Hz, 17.6 Hz), 4.36 (1H, dd, J = 2.4 Hz, 17.6 Hz); 13C 
NMR (CD3OD, 100 MHz,): δ 22.9, 27.4, 37.2, 45.3, 57.7, 73.4, 77.9, 167.3, 175.8. HRMS 
(ESI) m/z calcd for C9H12O2N3 [M+H]+ 194.0924; found, 194.0931. 
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c-[Aza-allylglycyl-prolyl]  (39b) was synthesized by the treatment of 
benzophenone semicarbazone protected aza-allylglycylproline methyl ester, 29b, (44.2 mg, 
0.113 mmol) as described for the synthesis of  39a. Purification by flash chromatography 
on silica gel using 100% EtOAc as solvent provided the aza-DKP 39b as a pale yellow 
foam (15.7 mg, 71%): Rf 0.20 (100% EtOAc); [α]20D –54 (c 0.121, CHCl3). 1H NMR 
(CD3OD, 400 MHz): δ 1.91-1.99 (2H, m), 2.01-2.13 (1H, m), 2.15-2.27 (1H, m), 3.50 (2H, 
t, J = 6.8 Hz), 3.91 (1H, dd, J = 6 Hz, 16 Hz), 4.05 (1H, dd, J = 7.2 Hz, 8.4 Hz), 4.32 (1H, 
dd, J = 5.6 Hz, 16 Hz), 5.26 (1H, dd, J = 1.2 Hz, 16.4 Hz), 5.31 (1H, dd, J = 1.2 Hz, 23.6 
Hz), 5.86 (1H, m); 13C NMR (CD3OD,100 MHz): δ 23.1, 27.2, 45.2, 49.1, 57.8, 118.0, 
132.4, 154.9, 166.7. HRMS (ESI) m/z calcd for C9H14O2N3 [M+H]+ 196.1081; found, 
196.1090. 
c-[Aza-phenylalanyl-prolyl]  (39c) was synthesized by treatment of benzophenone 
protected aza-phenylalanylproline methyl ester 29c (45 mg, 0.102 mmol) as described for 
39a.  Purification by flash chromatography on silica gel using 100% EtOAc as solvent 
provided the aza-DKP 39c as a pale yellow foam (21.3 mg, 85%): Rf 0.23 (100% EtOAc); 
[α]20D –38 (c 0.112, CHCl3).  1H NMR (CD3OD, 400 MHz): δ 1.95-2.05 (2H, m), 2.12-2.26 
(2H, m), 3.51-3.64 (2H, m), 3.92 (1H, t, J = 7.9 Hz), 4.66 (1H, d, J = 15.05 Hz),  4.78 (1H, 
d, J = 15 Hz), 7.37 (5H, s); 13C NMR (CD3OD,100 MHz,) δ 23.8, 27.2, 45.7, 51.1, 58.2, 
128.9, 129.0, 129.4, 135.4, HRMS (ESI) m/z calcd for C13H15O2N3 [M+Na] + 268.1057; 
found, 268.1069.   
Aza-phenylalanyl-proline tert-butyl ester (40c) Benzhydrylidene aza-
phenylalanyl-glycyl-proline tert-butyl ester 31c (50 mg, 0.1 mmol) was stirred with 
hydroxylamine hydrochloride (29 mg, 0.42 mmol) in 20 mL of pyridine as solvent 
overnight at 60 °C.  The volatiles were removed by rotary evaporation followed by co-
evaporation with dichloromethane and ethyl acetate until solidification. Purification by 
flash chromatography on silica gel using a 1:1 mixture of ethyl acetate in hexane afforded 
amine 40c (28 mg, 88%) as a pale yellow foam: Rf 0.31 (hexanes/EtOAc 1:1); [α]20D –35 (c 
0.1, CHCl3). 1H NMR (CDCl3, 400 MHz): δ 1.44 (9H, s), 1.83-1.95 (3H, m), 2.12-2.19 (1H, 
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m), 3.64-3.67 (2H, m), 4.46 (1H, m), 4.59 (1H, d, J = 16 Hz), 4.61 (1H, d, J = 16 Hz), 
7.28-7.35 (5H, m); 13C NMR (CDCl3,100 MHz): δ 23.4, 27.6, 30.1, 49.1, 56.1, 61.7, 80.1, 
127.2, 127.3, 128.1, 128.3, 136.3, 172.7. HRMS (ESI) m/z calcd for C17H26O3N3 [M+H]+ 
320.1971; found, 320.1969.  
(S,S)- and (R,S)-Fmoc-alanyl-aza-phenylalanyl-proline tert-butyl ester (S,S)- 
and (R,S)-41 L- or D-Fmoc-Alanine (58 mg, 0.188 mmol) was dissolved in THF, cooled to 
–15 °C, treated sequentially with isobutyl chloroformate (25 µL, 0.188 mmol) and N-
methyl morpholine (26 µL, 0.236 mmol), stirred for 15 min and treated with a solution of 
aza-phenylalanyl-proline tert-butyl ester 40c (50 mg, 0.157 mmol) in a minimum volume 
of ethyl acetate (5 mL).  After stirring at –15 °C for 1 h, the volatiles were removed under 
reduced pressure. The crude material was dissolved in ethyl acetate and washed with brine. 
The organic phase was filtered through a pad of silica gel and evaporated to respectively 
afford crude (S,S)-41 and (R,S)-41 from which 2 mg of each was used for enantiomeric 
purity determination by analytical HPLC. The rest of the crudes was purified by 
chromatography on silica gel using a mixture of ethyl acetate in hexane (1:1) to afford 88 
mg of (S,S)-41 (92%) and 92 mg of (R,S)-41 (95%) which were analyzed as below.  
(S,S)-41: Rf 0.35 (hexane/EtOAc 1:1) and 0.32 (hexane/iPrOH 9:1); [α]20D 24 (c 
0.133, CHCl3). 1H NMR (CDCl3, 400 MHz): δ 1.26 (3H, d, J = 7.2 Hz), 1.47 (9H, s), 1.75-
1.81 (2H, m), 1.85-1.97 (1H, m), 2.10-2.15 (1H, m), 3.40-3.49 (2H, m), 4.14-4.25 (3H, m), 
4.28-4.30 (1H, m), 4.39 (1H, t, J = 7.2 Hz), 4.48 (1H, d, J = 14 Hz), 4.78 (1H, d, J = 14 Hz 
), 5.55 (1H, d, J = 7.6 Hz), 7.20-7.35 (7H, m), 7.41 (2H, t, J = 7.6 Hz), 7.57 (2H, t, J = 6 
Hz), 7.77 (2H, d, J = 7.6 Hz), 8.45 (1H, br); 13C NMR (CDCl3, 100 MHz): δ 18.9, 25.7, 
28.4, 29.9, 47.4, 49.3, 53.6, 61.9, 67.6, 77.7, 81.8, 120.4, 125.4, 125.5, 127.5, 128.1, 128.2, 
128.8, 129.7, 136.5, 141.5, 144.1, 156.2, 159.7, 171.4, 172.9. HRMS (ESI) m/z calcd for 
C35H40O6N4 [M+H]+ 613.3025; found, 613.3021.  
(R,S)-41: Rf 0.33 (hexane/EtOAc 1:1) and 0.26 (hexane/iPrOH 9:1); [α]20D 33 (c 
0.1, CHCl3). 1H NMR (CDCl3, 400 MHz): δ 1.27 (3H, d, J = 7.2 Hz), 1.46 (9H, s), 1.77-
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1.82 (2H, m), 1.89-1.92 (1H, m), 2.12-2.17 (1H, m), 3.48-3.53 (2H, m), 4.13-4.24 (3H, m), 
4.28-4.32 (1H, m), 4.39 (1H, t, J = 6.4 Hz), 4.53 (1H, d, J = 14.4 Hz), 4.72 (1H, d, J = 14.4 
Hz), 5.61 (1H, d, J = 7.2 Hz), 7.15-7.24 (3H, m), 7.28-7.33 (5H, m), 7.40 (2H, t, J = 7.6 
Hz), 7.56 (2H, d, J = 6.8 Hz), 7.76 (2H, d, J = 7.2 Hz), 8.45 (1H, br); 13C NMR (CDCl3,100 
MHz): δ 18.6, 25.5, 28.4, 29.9, 47.4, 49.3, 53.9, 61.9, 67.6, 77.6, 81.7, 120.4, 125.4, 127.5, 
128.1, 128.2, 128.8, 129.6, 136.6, 141.7, 144.1, 156.3, 159.8, 171.4, 172.7. HRMS (ESI) 
m/z calcd for C35H40O6N4 [M+H]+ 613.3025; found, 613.3021.  
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4.0 Préface 
Tel que présenté dans l'introduction, le mime PDC113.824 présente une activité 
tocolytique intéressante sur l'utérus de souris. Cependant, sa synthèse reste longue et 
difficile principalement à cause de l'indolizidinone centrale. Au début de cette étude, le but 
était de compléter l'exploration du PDC113.824 en étudiant l'importance du tour bêta induit 
par l'I2aa afin de pouvoir éventuellement le remplacer par un cœur (''core'') moins long et 
moins coûteux à synthétiser; et idéalement, trouver un mime qui aurait une meilleur activité 
que le PDC113.824. De plus, nous espérions découvrir au travers de nouvelles 
collaborations quel était le mode d'action du dit mime, afin de corroborer sa conception 
rationnelle et d'appuyer l'utilité des ligands allostériques tant biochimiquement comme 
outils d'élucidation des mécanismes complexes de signalisation intracellulaire qu'en 
application thérapeutique. 
Pour ce faire, nous avons tout naturellement commencé par remplacer 
l'indolizidinone par une série d'autres tours bêta déjà développés dans le groupe selon la 
stratégie de synthèse utilisée par Félix Polyak et Eryk Thouin sur résine oxime. Ce travail a 
mené à de nombreux échecs tant en synthèse (qui était d'autant moins aisée puisqu'il nous a 
fallu synthétiser tous les produits de départ de la résine elle-même, aux divers 
azabicycloalcanes en passant par la pyridylalanine et la β-phénylalanine qui étaient 
beaucoup trop coûteux à ce moment là), qu'aux résultats biologiques qui n'étaient pas 
concluants. 
Mon travail s'est donc déroulé en deux temps: 
- tout d'abord il nous a fallu trouver une méthode de synthèse plus rapide et surtout plus 
rentable du PDC113.824. Ce travail nous a donné accès à une assez grande quantité de 
PDC113.824 afin de compléter l'élucidation du mode d'action du récepteur de la PGF2α 
(expliqué au chapitre 1 et présenté dans l'article en annexe) grâce à notre collaboration avec 
les laboratoires d'Audrey Claing, Stéphane Laporte, Sylvain Chemtob et Terry Hébert; 
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- ensuite, nous voulions trouver une alternative aux azabicycloalkanes: les aza(alkyl)Gly-
Pro, présentés dans l'article 3. 
Les résultats obtenus sont présentés dans cet article dont j'ai effectué toutes les 
synthèses ainsi que la rédaction. Xin Hou, de l'Hôpital Sainte-Justine, a évalué les effets des 
mimes synthétisés sur la contraction myométriale de souris (ex vivo et in vivo) sous la 
supervisison du Dr Chemtob. Eugénie Goupil a effectué tous les tests in vitro sur les voies 
de signalisation G12 et Gq sous la supervision des Professeurs Stéphane Laporte et Therry 
Hébert. Danaë Tassy a réalisé les essais de ''ruffling'' cellulaire impliquant la voie G12 sous 
la supervision du Professeur Audrey Claing. Chaque membre de l'équipe a rédigé la partie 
expérimentale de cet article qui lui est propre. 
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4.1 Abstract 
The prostaglandin-F2α (PGF2α) receptor (FP) has been targeted to develop 
tocolytic agents for inhibiting preterm labor.  The (3S,6S,9S)-indolizidin-2-one amino acid 
analog, PDC113.824 was previously shown to modulate this G protein-coupled receptor 
(GPCR) by a biased allosteric mechanism, involving both Gq- and G12-mediated signaling 
pathways and exhibited significant tocolytic activity delaying preterm labor in a mouse 
model (Goupil et al., 2010 J. Biol. Chem. 285, 25624-25636). A series of azabicycloalkane 
and azapeptide mimics 1-9 has now been synthesized based on the structure of 
PDC113.824. Changes in the stereochemistry of PDC113.824 and the ring size of its 
indolizidin-2-one amino acid (L-I2aa) component for D-I2aa, I9aa and Qaa gave analogs 
which did not exhibit biological activity. The effects of PDC113.824 on PGF2α-induced 
myometrial contraction and cell signaling were, however, retained by replacement of the 
I2aa with certain aza-amino acyl-proline residues in azapeptides. For example, analogous to 
PDC113.824, aza-Gly-Pro and aza-Phe-Pro mimics reduced myometrial contractions, 
potentiated the effect of PGF2α on Gq-mediated ERK1/2 activation and inhibited FP 
modulation of cell ruffling, a response dependent on the G12/RhoA/ROCK signaling 
pathway. Similar to PDC113.824, the aza-propargylglycine analog 6 inhibited FP-induced 
contractions and potentiated ERK signaling, yet 6 had reduced influence on the response 
mediated by RhoA/ROCK signaling. In revealing the complementarities of 
azabicycloalkane and azapeptide mimics by studying PDC113.824 analogs, we generated 
azapeptides leads as novel probes to study allosteric modulation of the FP receptor and as 
efficient tocolytic agents.  
Keywords: Prostaglandin F2α, tocolytic drugs, peptides, peptide synthesis, peptide 
mimics, allosteric modulators. 
 
Chapitre 4 
 
 
104 
4.2 Introduction 
Preterm births (<37 week gestational age) contribute significantly to mortality and 
morbidity in obstetric practice in developed countries, where rates of preterm delivery vary 
between 5–13%.1 In spite of a better understanding of risk factors related to and 
mechanisms underlying preterm labor, as well as medical interventions to reduce its 
occurence,2 the rate of preterm birth has risen in most industrialized countries, increasing in 
the USA from 9.5% in 1981 to 12.7% in 2005.3 Preterm birth has major socio-economic 
implications with associated hospital stays among the most expensive diagnoses for all 
children:4 in 2001, they represented 47% of the costs ($5.8 billion) for all infant 
hospitalizations and 27% for all pediatric stays. Infant mortality rates are also 15-fold and 
75-fold higher for preterm and very preterm (<32 weeks) delivery relative to term birth.4 In 
addition to morbidity and disability,5 preterm birth and low birth weight account for 
neurodevelopmental disorders,6  respiratory and gastrointestinal complications,7 as well as 
lifelong chronic conditions, such as hypertension and dyslipidemia. 8  
Preterm deliveries are associated with various epidemiological and clinical risk 
factors; however, >45% are due to spontaneous contraction, for which causes are usually 
unknown.1,2 The most effective method for reducing morbidity and mortality related to 
preterm birth has been early inhibition of the initiation of uterine contractions using labor-
suppressing drugs (tocolytics).9 Tocolytic drugs are used to prolong pregnancy in women 
with acute risk of preterm birth, caused mainly by active preterm labor and less commonly 
by ruptured membranes. Classes of medication for tocolysis include β2-adrenergic agonists 
[Ritodrine® and Terbutaline (Bricanyl®)], calcium channel blockers (i.e., nifedipine), 
prostaglandin synthetase inhibitors (i.e., indomethacin, Indocid®), an oxytocin antagonist 
(atosiban (Tractocile®) and magnesium sulfate (Figure 4.1).10-18 In clinical practice, some 
of these agents have delayed delivery up to 48 h; however, adverse effects have generally 
limited the utility of contemporary tocolytics.10-18 FP (prostaglandin-F2α receptor) has 
emerged as a complementary target for designing tocolytic agents for two particular 
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reasons: 1) its expression increases at onset of labor,19-21 (the OT (oxytocin) receptor is not 
involved in the initial stages of preterm parturition);22 2) FP knock-out mice never go into 
labor.23 
 
Figure 4.1 Contemporary tocolytic drugs 
In search of novel tocolytic agents, we have designed peptides and mimics, which 
modulate FP by an allosteric mechanism of action.24 Allosteric modulators bind at sites 
spatially distinct from the endogenous orthosteric ligands, and may exhibit reduced side 
effects, due to their potential for increased selectivity without disruption of normal rhythms 
of endogenous ligand release.25,26 Short peptide leads were developed based on the second 
extracellular loop of the FP receptor, synthesized and examined in in vitro, ex vivo and in 
vivo assays. For example, the D-peptide PDC113 (ilghrdyk, lower case letters refer to D-
amino acids, IC50 340 nM) inhibited >80% (100 µM) of the vasomotor response induced by 
PGF2α in porcine retinal micro-vascular contraction assays, without antagonist effects 
against others known vasoconstrictors.27 Replacement of D-arginine5 by D-citrulline5 
yielded PDC31 (ilghxdyk, x = citrulline), which exhibited improved efficacy (>85%) and 
potency (IC50 = 13 nM),28 effectively diminishing myometrial contractions in mouse, 
bovine and ovine animal models.29 In the mouse model, PDC31 delayed delivery for a 
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mean time of 48 h (at 0.8mg/day). PDC113 and PDC31, both exhibited non-competitive 
selective inhibition of FP in the presence of PGF2α.  
Although peptide drugs have advantages, including high potency, efficacy,30 and negligible 
toxicity,31 their use may be limited because of poor pharmacokinetic profiles, including 
rapid degradation and low bioavailability, requiring intra-venous administration. 
Contingent on structural complexity, peptide manufacture may entail relatively high 
production costs.32 Conversion from peptide to small molecule formats was thus pursued to 
improve pharmacokinetic properties without sacrificing efficacy. These studies led to the 
synthesis of the peptide mimic PDC113.824 (Figure 4.2), which caused decreases in basal 
and PGF2α-induced uterine contractions.24 In pregnant mice, PDC113.824 delayed LPS- 
and PGF2α-induced delivery with mean times of 28h and 42h, respectively.24 Furthermore, 
the mechanism of PDC113.824 action was demonstrated to be allosteric and contingent on 
PGF2α binding,24 which resulted in increased ERK1/2 activity by way of biased activation 
of Gαq, and inhibition of Rho-dependent actin remodeling and myometrial cell contraction 
by way of inhibition of Gα12. These findings provided a chemical framework for further 
tocolytic drug design.  
We report now two approaches, which have been pursued to study the influences of 
configuration, conformation and structure on the biological activity of PDC113.824. In the 
first, the indolizidinone amino acid (I2aa) residue of PDC113.824 was replaced by 
alternative azabicyclo[X.Y.0]alkanone amino acids to study the influence of ring size and 
stereochemistry on biological activity.  In the second, aza-amino acyl-L-proline dipeptides 
were employed as surrogates of the I2aa residue. As detailed below, although alternative 
azabicyclo[X.Y.0]alkanone mimics proved less efficacious, the application of aza-amino 
acyl-L-proline analogs provided a novel means for modulating FP function. Conveniently 
synthesized in few steps, the azapeptide analogs represent a new generation of allosteric 
ligands, some of which have exhibited effective tocolytic effects on mouse myometrial 
contractions and bias signaling similar to PDC113.824 and another which exhibited distinct 
patterns of FP modulation.  
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4.3 Results and Discussion  
4.3.1 Chemistry 
In earlier studies, a modest 2-fold reduction in potency was observed on 
replacement of L-pyridylalanine in PDC113.824 by L-citrulline.28 Moreover, in the X-ray 
crystal structures of different protected azabicyclo[X.Y.0]alkanones, the heterocycle ring 
size was shown to influence significantly the peptide backbone geometry.33-37 For example, 
the fused 6,5- and 5,6-ring components of the (3S,6S,9S)-I2aa and (2S,6R,8S)-I9aa systems 
mimicked different aspects of the central residues of an ideal type II' β-turn.33,37 The 
enantiomeric (3R,6R,9R)-I2aa residue folded in a type II β-turn conformation.33 In studies 
of the configuration and conformation of PDC113.824, the (3S,6S,9S)-I2aa residue was thus 
replaced by its enantiomeric (3R,6R,9R)-I2aa counterpart in mimic 1, as well as by 
(2S,6R,8S)-indolizidin-9-one (I9aa, 3), and (2S,6R,8S)-quinolizidinone amino acids (Qaa, 4, 
Figure 4.2).33,36,37 In addition to these studies of the ring system, an enantiomeric analog (2) 
was prepared to examine the relationship between stereochemistry and activity. 
Chapitre 4 
 
 
108 
 
Figure 4.2 PDC113.824, azabicycloalkanone mimics 1-4 and azapeptides 5-9 
PDC113.824 and peptide mimics 1-4, all were synthesized on solid support using a 
Boc strategy on oxime resin as illustrated for the former in Scheme 4.1.38 N-Boc-(3-
Pyridyl)alanine [or N-(Boc)citruline] was coupled to the resin using 
dicyclohexylcarbodiimide (DCC) and Oxyma (EACNOx) in the presence of DIEA in 
dichloromethane.39 After resin capping with acetic anhydride, the Boc group was removed 
with TFA in dichloromethane and the amine was free-based by washing the resin with 
DIEA in dichloromethane. The appropriate azabicyclo[X.Y.0]alkanone amino acid 
[(3S,6S,9S)- and (3R,6R,9R)-I2aa, (2S,6R,8S)-I9aa and (2S,6R,10S)-Qaa] was coupled using 
a mixture of TBTU/HOBt/DIEA in DMF for 3 h. Subsequent Boc group removal with TFA 
and coupling of phenyl acetic acid under similar conditions as mentioned above gave the N-
terminal peptide linked to the resin, which was cleaved with (S)-β-homophenylalanine 
benzyl ester in presence of DIEA and acetic acid in dichloromethane to give the respective 
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mimics as their corresponding esters. Benzyl ester cleavage was accomplished using 
hydrogen and palladium-on-carbon in a 9:1 ethanol acetic acid mixture to furnish the acids, 
which were purified by preparative reverse-phase HPLC (Table 4.1).  
Table IV.1 HPLC analyses of PDC113.824 and mimics 1-9. 
Entry Compound 
Retention time 
(system) a 
Purity (%) 
Retention time 
(system) b 
Purity (%) 
1 PDC113.824 9.77 (1) 98.6 12.18 (3) 95.5 
2 1 7.83 (2) 97.3 10.88 (4) 95.6 
3 2 7.77 (2) 98.4 10.23 (4) 96.7 
4 3 5.59 (1) 99.8 9.72 (4) 95.7 
5 4 4.92 (1) 99.8 10.94 (4) 97.2 
6 5 6.88 (1) 99.0 8.76 (3) 97.1 
7 6 7.96 (1) 98.9 11.86 (3) 98.5 
8 7 8.84 (1) 97.4 13.99 (3) 98.9 
9 8 8.20 (1) 95.8 12.68 (3) 98.7 
10 9 7.77 (1) 98.6 11.58 (3) 99.0 
Retention times (min) and purity were assessed using a systems 1 or 2 eluting with a gradient of aqueous 0.1% 
formic acid (FA) in acetonitrile with 0.1% FA; b systems 3 or 4 eluting with a gradient of aqueous 0.1% 
formic acid (FA) in methanol with 0.1% FA, see general section of experimental. 
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Scheme 4.1 Solid-phase synthesis of PDC113.824. 
A solution-phase method was developed for making PDC113.824 on larger scale 
(Scheme 4.2). β-Homophenylalanine benzyl ester  hydrochloride 11 was obtained from 
Boc-β-homophenylalanine benzyl ester by removal of the Boc group using TFA in DCM, 
counter-ion exchange by evaporation from aqueous HCl and freeze-drying. N-
(Boc)Pyridylalanine was coupled to ester 11 using TBTU, HOBt and DIEA in 
dichloromethane to provide protected dipeptide 12 in 91% yield after chromatography.  
Using a similar protocol, the Boc group was removed with TFA and converted to amine 
hydrochloride 13, which was coupled with Boc-I2aa to furnish amide 14 in 84% yield after 
chromatography.  Removal of the Boc group from 14 and acylation of the resulting amine 
15 with phenylacetyl chloride and DIEA in EtOAc gave benzyl ester 10, which was 
converted to PDC113.824 by hydrogenation as described above. 
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Scheme 4.2 Solution-phase synthesis of PDC113.824. 
Azapeptides, in which the α-carbon of an amino acid residue is replaced by 
nitrogen, have been observed to adopt turn conformations in computational models, as well 
as X-ray crystallographic and spectroscopic analyses.40-43 For example, the central i + 1 and 
i + 2 residues of a type I β-turn have been observed in X-ray structures of Boc-azaAla-Pro-
NHi-Pr and Cbz-azaAsn(Me)-Pro-NHi-Pr.40 A complementary relationship between 
azabicycloalkane amino acid and azapeptide mimics was observed, when the Gly33-Pro34 
moiety of the antagonist [D31,P34,F35]calcitonin gene-related peptide27-37 was replaced by 
azaGly33-Pro34 and I2aa33-34 giving respectively 10- and 7-fold increases in potency.44 
Considering computational analysis of N-acetyl-aza-glycyl-L-alaninine N’-methylamide 
had previously suggested a preference for a type II’ β-turn conformation, the azaGly-Pro 
and I2aa residues were hypothesized to mimic similar secondary structures.44 Their similar 
conformational preferences, as well as the fact that azaGly-Pro could be synthesized more 
expediently than the I2aa dipeptide, evoked the preparation of aza-amino acyl-proline 
analogs 5-9, with expectations to induce an active turn conformation, due to electronic 
restrictions from the semicarbazide moiety.45,46 Having developed submonomer approaches 
for synthesizing azapeptides by alkylation of protected aza-glycine residues,46,47 
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opportunity was provided for exploring the effects of alkyl substituent (side chains) on the 
aza-residue in the structure-activity studies. 
 
Scheme 4.3 Synthesis of AzaGly-Pro mimic 5  
The azaGly-Pro dipeptide 16 was synthesized as previously described by acylation 
of proline using the activated methylidene carbazate prepared from reacting benzophenone 
hydrazone with p-nitrophenylchloroformate.45 Hydrazone protected azaGly-Pro 16 was 
then coupled to pyridylalanyl-β-homophenylalanine benzyl ester 13 using TBTU, HOBt 
and DIEA to give the protected aza-tetrapeptide 17 in 70% yield after chromatography. 
Solvolysis with 1N HCl in THF converted semicarbazone ester 17 to its amino acid 
counterpart, which reacted with phenyl acetyl chloride to give AzaGly-Pro mimic 5, albeit 
in 20% overall yield after purification by preparative HPLC (Scheme 4.3).  
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Scheme 4.4 Synthesis of aza-peptide mimics 6-9  
Four additional azapeptides 6-9 were prepared by a common route which featured 
alkylation of benzhydrylidene aza-glycyl proline tert-butyl ester as previously described, 
using a set of alkyl halides: propargyl bromide, benzyl bromide, allyl iodide and 
iodomethane (Scheme 4.4).46 Four alkyl groups were selected to probe the impact of 
aliphatic and aromatic side chains on the efficacy of the FP ligands. Selective removal of 
the benzhydrylidene protection from 18a-d without tert-butyl ester cleavage was 
accomplished using hydroxylamine hydrochloride in pyridine.46 Acylation with phenyl 
acetyl chloride and tert-butyl ester removal with trifluoroacetic acid gave the N-terminal 
dipeptides 21a-d, which were subsequently activated as mixed anhydrides using iso-
butylchloroformate and coupled to pyridylalanyl-β-homophenylalanine benzyl ester 13 to 
give the desired benzyl ester protected azapeptides 22a-d in 40-55% yields. To avoid 
reduction of olefin side chains, ester hydrolysis was performed with lithium hydroxide in 
dioxane to give the aza-peptide mimics 6-9 in 66-85% yields. 
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4.3.2 Biological effects of azapeptide mimics 
4.3.2.1 Effect of PDC113.824 and mimics 5-9 on myometrial contraction  
 
Figure 4.3 Effects of PDC113.824 and azapeptides 5-9 on mean tension induced by 
PGF2α. At the beginning of each experiment, mean tension of spontaneous myometrial 
contractions was considered as the basal response. A. Changes in the mean tension (g) were 
expressed as percent of the initial response (% baseline). 1 µM of PDC113.824 or 
azapeptide (5-9) were given 15 min after PGF2α (0.5 µM). Values as mean ± SEM of 3-5 
experiments for each compound; p<0.05 compared to all values without asterisks. B. 
Typical traces of contractions: PDC113.824 and azapeptides 7 and 9. 
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Previously, PDC113.824 was shown to significantly reduce the strength and 
duration of both PGF2α-induced and spontaneous contraction in a dose-dependent manner 
using myometrium obtained from spontaneous post-partum mice.24 The influences of 
mimics 1-9 (1 µM) on PGF2α-induced myometrial contractions (0.5 µM) were thus 
examined to evaluate their potential to serve as tocolytics.  Subsequently, active analogs 
were further examined in order to dissect their putative mechanisms of action.   
Despite the activity of PDC113.824, none of the related azabicyclo[X.Y.0]alkanone 
amino acid analogs 1-4 reduced PGF2α-induced myometrial contractions.48,49 On the other 
hand, azapeptides 5-9 exhibited varying degrees of activity in the myometrial contraction 
assay, contingent on the nature of the aza-amino acid side chain.  In particular, the aza-
glycine, aza-propargylglycine and aza-phenylalanine analogs 5-7, all reduced PGF2α-
induced myometrial contractions with similar efficacy as PDC113.824 (Figure 4.3A).  The 
aza-allyglycine and aza-alanine analogs 8 and 9 were relatively unable to reduce the 
strength or duration of PGF2α-induced myometrial contractions. Traces for the active 
analogs PDC113.824 and aza-phenylalanine mimic 7 are juxtaposed against that of the 
inactive aza-alanine analog 9 to indicate the manner by which the different analogs 
influence the myometrium (Figure 4.3B). 
4.3.2.2 Effect of aza-peptides on PGF2α-stimulated signaling pathways 
Previously, PDC113.824 was shown to affect the binding of PGF2α on HEK 293 
cells stably expressing FP (FP cells) and PGF2α-dependent signaling.24 Pretreatment of FP 
cells with PDC113.824 (1 µM) followed by addition of PGF2α (0.1 µM) facilitated Gq-
mediated signaling via PKC/ERK1/2 and inhibited signaling by way of the G12-mediated 
RhoA/ROCK pathway, impairing actin reorganization and membrane ruffling.24 Aza-
analogs 5-7 were thus examined for their potential to regulate both of these signaling 
pathways.  
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Treatment of FP cells with the azapeptide 5-7 (1µM, 30 min) in the absence of 
PGF2α had no effect on ERK1/2 activation or membrane ruffling (data not shown). On the 
other hand, pretreatment of FP cells with an azapeptides 5-7 (1µM) followed by 
PGF2α (0.1 or 1 µM) significantly potentiated ERK1/2 signaling relative to cells 
stimulated with PGF2α alone (vehicle, Figures 4.4A and B). The effects of 5-7 were similar 
to that of PDC113.824 (1µM, Figure 4.4A).  
 
Figure 4.4 Effects of PDC113.824 and azapeptides 5-7 on PGF2α-mediated ERK1/2 
activation. Effects are shown for PDC113.824 and 5 (A), and 6 and 7 (B) on MAPK 
activation induced by PGF2α. FP-expressing cells were starved and pre-treated with 1 µM 
of PDC113.824 or azapeptide (5-7) for 30 min and then stimulated with 0.1 µM (A) or 1 
µM (B) PGF2α for 5 min as described.24 Signals were quantified by densitometry and 
plotted compared to not treated (NS) condition. Results are representative of three (A) four 
(B), independent experiments. *, p < 0.01; **, p < 0.01; ***, p < 0.001, one-way ANOVA 
compared to vehicle.  
Stimulation with PGF2α (1 µM, 30 min) caused membrane ruffle formation in 
65.7±1.6 % of FP cells (Figure 4.5). The aza-Gly and aza-Phe analogs 5 and 7 (1 µM), both 
were as effective as PDC113.824 (1µM) in inhibiting FP-induced cell ruffling (5: 
37.5±2.5%; 7: 37.4±5.9%; PDC113.824: 40.3±1.5%). Although the aza-propargylglycine 
analog 6 (1 µM) reduced PGF2α-mediated cell ruffling, this effect was less significant 
(56.7±1.4% ruffling cells).  
Azapeptides 5-7 were as effective as PDC113.824 in sensitizing Gq/PKC/ERK1/2 
signaling. However, they exhibited variable efficacies in inhibiting the G12/RhoA/ROCK 
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signaling cascade and cell ruffling. Considering their activity on the two different 
pathways, azapeptides 5-7 may modulate the conformation of FP receptor with subtile 
differences, toggling the allosteric effects into distinct patterns.  
 
Figure 4.5 Effects of PDC113.824 and azapeptides 5-7 on cell ruffling. FP expressing cells 
seeded onto cover-slips were pretreated with PDC113.824 or azapeptide (5-7) (1µM, 30 
min) and then stimulated with PGF2α (1µM, 30 min) as previously described.24 Cells were 
then fixed with paraformaldehyde (4%), stained with Phalloidin-Alexa Fluor 488, and 
mounted onto cover-slips using GelTol media. Numbers of cells exhibiting circular ruffling 
for each condition were counted. Results are the mean ± SEM of 3 independent 
experiments where more than 100 cells were counted. ***P<0.001 are values compared to 
the control unstimulated conditions. 
 
4.4 Conclusion 
In pursuit of novel modulators of FP as potential tocolytic agents for delaying 
preterm labor, the series of azabicycloalkane and azapeptide mimics 1-9 was synthesized 
based on the structure of the allosteric ligand PDC113.824. Although changes in the 
stereochemistry of the parent ligand and in the ring size of its indolizidin-2-one amino acid 
component abolished inhibitory activity on myometrial contractions, substitution of the 
constrained azabicycloalkane dipeptide surrogate with certain aza-amino acyl-proline 
residues caused retention of the effects on PGF2α-induced contractions and cell signaling 
pathways. In particular, similar to PDC113.824, aza-Gly mimic 5 and aza-Phe mimic 7 
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reduced myometrial contractions and exhibited biased signaling potentiating the effects of 
PGF2α on ERK1/2 activation, a response dependent on the Gq-/PKC pathway, and 
inhibiting its influence on cell ruffling, which is dependent on the G12-mediated 
RhoA/ROCK signaling cascade. A third azapeptide 6, possessing an aza-propargylglycine 
residue exhibited comparable effects on myometrial contractions and ERK1/2 signaling, 
albeit with reduced influence of RhoA/ROCK signaling. In contrast, azapeptides 8 and 9, 
bearing aza-allylglycine and aza-alanine residues did not show activity in the contraction 
assay.    
 The results of this study provide more insight with respect to the 
complementarities between azabicycloalkane and azapeptide constrained dipeptide mimics, 
as well as begin to reveal the structural requirements for modulation of FP.  As previously 
observed in analogs of calcitonin gene-related peptide,44 the similar conformational 
preferences of the (3S,6S,9S)-indolizidin-2-one amino acid and the aza-Gly-Pro dipeptide 
surrogates have been validated by the comparable activity of PDC113.824 and azapeptide 
5. In contrast, the loss of activity employing (3R,6R,9R)-indolizidin-2-one, indolizidin-9-
one and quinolizidinone amino acid moieties in mimics 1-4, the latter which possess 
pipecolate components instead of proline, indicates the stringent need for a precise turn 
geometry. The addition of side chains to the aza-residue in mimics 6-9 has provided a set of 
analogs exhibiting varying degrees of biological activity, which may likely be due to both 
the effects on ligand conformation and interactions with the receptor caused by the new 
substituent. Modulation of ligand activity with the composition of the aza-residue side 
chain is intriguing, because the submonomer synthesis of azapeptides offers effective 
access to a diverse range of side chains,46,47 which may exhibit a spectrum of biological 
effects.  With respect to the latter, the subtle difference in behavior of the aza-
propargylglycine analog 6 on G12-mediated RhoA/ROCK signaling, relative to 
PDC113.824 and azapeptides 5 and 7, suggests that molecular probes may be designed 
having selective effects on G protein signaling.  By employing the power of submonomer 
synthesis to prepare a larger spectrum of azapeptide mimics, we are focused on using these 
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probes to investigate the chemical biology of FP in pursuit of fundamental knowledge of 
the factors that govern its allosteric modulation towards the development of a novel class of 
tocolytic agents for preventing preterm labor. 
4.5 Experimental section 
4.5.1 Chemistry 
General methods 
Unless otherwise noted, reagents were obtained from commercial sources and used 
without further purification, and reactions were performed under an argon atmosphere 
using dry solvents transferred by syringe. Anhydrous solvents (THF, CH2Cl2, and CH3OH) 
were obtained by passage through solvent filtration systems (GlassContour, Irvine, CA). 
DIEA was distilled over ninhydrin and CaH2. Final reaction mixture solutions were dried 
over MgSO4 or Na2SO4. Column chromatography was carried out on 230-400 mesh silica 
gel, and TLC was on glass-backed silica plates. Specific rotations [α]D were measured at 
20°C at the specified concentrations (c in g/100 mL) using a 1 dm cell length on a Perkin 
Elmer Polarimeter 341 and the general formula: [α]D20 = (100α)/(dc). Purity of all final 
products was determined by LC-MS and/or analytical HPLC to be ≥ 95%. HPLC purity of 
compounds was measured with a reverse phase HPLC (phenomenex Gemini C18 column 
4.6 mm × 150 mm, 3 µm, 214 nm) with two different solvent systems. In system 1, the 
gradient of elution was 40% to 90% A/B over 20 min at a flow rate of 0.4 mL/min, in 
which solvent A was aqueous 0.1% formic acid (FA) and solvent B was acetonitrile with 
0.1% FA. In system 2, the gradient of elution was 20% to 90% A/B over 20 min at a flow 
rate of 0.4 mL/min, where solvent A was aqueous 0.1% FA and solvent B was acetonitrile 
with 0.1% FA. In system 3, the gradient of elution was 40% to 90% A/B over 20 min at a 
flow rate of 0.4 mL/min, where solvent A was aqueous 0.1% FA and solvent B was 
methanol with 0.1% FA. In system 4, compounds were eluted using a gradient of elution of 
60% to 90% A/B over 20 min at a flow rate of 0.4 mL/min, where solvent A was aqueous 
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0.1% FA and solvent B was methanol with 0.1% FA.  Accurate mass measurements were 
performed on a LC-MSD-TOF instrument from Agilent technologies in positive 
electrospray mode for high-resolution mass spectrometry (HRMS) at the Université de 
Montréal Mass Spectrometry facility. Either protonated molecular ions [M+H]+ or sodium 
adducts [M+Na]+ were used for empirical formula confirmation.  1H NMR spectra were 
measured in CDCl3, CD3OD or DMSO-d6 at 400 or 700 MHz and referenced to CHCl3 
(7.26 ppm), CH3OD (3.31 ppm) or DMSO (2.50 ppm). 13C NMR spectra were measured in 
CDCl3, CD3OD or DMSO-d6 at 100 MHz and respectively referenced to CDCl3 (77.0 
ppm), CD3OD (49.0 ppm) or DMSO (39.52 ppm). Coupling constant J values were 
measured in hertz (Hz) and chemical shift values in parts per million (ppm). 
General protocols for solid-phase synthesis of mimics   
Oxime resin (1g, 0.45 mmol) was swollen in methanol, filtered and swollen in 
dichloromethane (DCM). N-(Boc)-(3-pyridyl)alanine (150 mg, 0.56 mmol) [or N-
(Boc)citruline (154 mg, 0.56 mmol)] diluted in a minimum of DCM was added to the 
swollen resin mixture, followed by 2-ethyl 2-(hydroxylimino) cyanoacetate (oxyma, 198 
mg, 1.4 mmol), dicyclohexylcarbodiimide (DCC, 144 mg, 0.7 mmol) and DIEA (0.24 mL, 
1.4 mmol). The resin mixture was shaken for 24h at rt, filtered and washed with DCM (5 × 
10 mL), EtOH (5 × 10 mL) and DCM (5 × 10 mL). Capping of the free sites of the resin 
was performed using acetic anhydride (0.2 mL, 2.2 mmol) and DIEA (0.175 mL, 1.1 
mmol) in dichloromethane for 12h at rt. The capped resin was filtered and washed with 
DCM (5 × 10 mL), 1:1 i-PrOH:DCM (v:v, 1× 10 mL) and DCM (5 × 10 mL). Removal of 
the Boc protecting group was performed with 25% TFA in DCM (1 × 2 min and 2 × 15 
min). The resin was washed with DCM (5 × 10 mL), 1:1 i-PrOH:DCM (v:v, 1× 10 mL) and 
DCM (5 × 10 mL). The N-(Boc)amino azabicyclo[X.Y.0]alkanone carboxylic acid 
(prepared according to literature protocols,33,36,37 0.6 mmol) was sequentially coupled to the 
swollen resin using O-(benzotriazol-1-yl)-N,N,N’,N’-tetramethyl uronium tetrafluoroborate 
(TBTU, 193 mg, 0.6 mmol) and hydroxybenzotriazole (HOBt, 81 mg, 0.6 mmol) in the 
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presence of DIEA (0.21 mL, 1.2 mmol) in DMF for 3-5 h. After the coupling reaction, the 
resin was filtered and washed with DMF (2 × 10 mL), DCM (3× 10 mL), 1:1 i-PrOH:DCM 
(v:v, 1× 10 mL) and DCM (5 × 10 mL).  The coupling reaction was monitored by the 
Kaiser test as well as by LC/MS analysis of product from cleavage of an aliquot of the resin 
with methoxyethylamine in chloroform. After Boc group removal as discussed above, 
phenyl acetic acid (82 mg, 0.6 mmol) was coupled to the swollen residue using the 
TBTU/HOBt protocol described above.  Final resin cleavage was performed by treating the 
resin with the hydrochloride salt of (S)-β-homophenylalanine benzyl ester (161 mg, 0.6 
mmol), DIEA (104 µL, 0.6 mmol) and AcOH (34 µL, 0.6 mmol) in DCM. After resin 
cleavage, the crude product was purified on a preparative reverse phase HPLC column 
(Phenomenex Gemini 5µ C18, 250 x 21.2 mm) using a solvent gradient from 20-80% 
acetonitrile (containing 0.1% TFA) in water (containing 0.1% TFA) to afford the desired 
peptide mimic benzyl ester 5 (20-40% yield). Hydrogenation of benzyl ester (0.09 mmol) 
with hydrogen (1 atm) was performed using palladium-on-activated-carbon (10% by wt, 10 
mg) in EtOH (15 mL) for 5-8 h. The catalyst was filtered onto Celite™ and washed with 
methanol.  The filtrate and washings were combined and evaporated to the acid, which was 
isolated by preparative HPLC (Phenomenex Gemini 5µ C18, 250 x 21.2 mm) using a 
gradient from 20-80% acetonitrile (containing 0.1% TFA) in water (containing 0.1% TFA) 
to afford the targeted mimics.  
Phenylacetyl-(3S,6S,9S)-I2aa-(2S)-(3-pyridyl)alanyl-(3S)-β-homophenylalanine 
PDC113.824: 5 mg, 2% yield. 1H NMR (700 MHz, D2O) δ 1.43-1.54 (m, 2H), 1.65-1.68 
(m, 1H), 1.72-1.76 (m, 1H), 2.01-2.12 (m, 4H), 2.36-2.39 (m, 1H), 2.54-2.56 (m, 1H), 2.65-
2.68 (dd, J= 9.3, 14 Hz, 1H), 2.87-2.89 (dd, J= 5.2, 14.0 Hz, 1H), 3.02-3.05 (m, 1H), 3.10-
3.13 (dd, J= 6.4, 14.5 Hz, 1H), 3.56 (s, 2H), 3.59-3.63 (m, 1H), 4.24 (d, J= 9.2Hz, 1H), 
4.35-4.38 (m, 2H), 4.49 (t, J= 6.4 Hz, 1H), 7.22-7.32 (m, 10H), 7.86 (s, 1H), 8.27 (d, J= 6.9 
Hz, 1H), 8.47 (s, 1H), 8.55 (s, 1H). HRMS m/z calcd for C35H40N5O6 [M+H]+ 626.2973, 
found 626.2972. Purity was assessed by RP-HPLC system 1: > 98%, tR= 9.77. RP-HPLC 
system 3: > 96%, tR= 12.18 min.  
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Phenylacetyl-(3R,6R,9R)-I2aa-(2S)-citrullinyl-(3S)-β-homophenylalanine (1): m = 
2.5 mg, 1% yield. HRMS m/z calcd for C33H43N6O7 [M+H]+ 635.3188, found 635.3181. 
RP-HPLC system 1: 97.3%, tR= 7.83 min. RP-HPLC system 4: 95.6 %, tR= 10.88 min. 
Phenylacetyl-(3R,6R,9R)-I2aa-(2R)-3-citrullinyl-(3R)-β-homophenylalanine (2): m 
= 1.5 mg, 1% yield. HRMS m/z calcd for C33H43N6O7 [M+H]+ 635.3188, found 635.3188. 
RP-HPLC system 1: 98.4%, tR= 7.86 min. RP-HPLC system 4: 96.7%, tR= 10.89 min. 
Phenylacetyl-(2S,6R,8S)-I9aa-(2S)-(3-pyridyl)alanyl-(3S)-β-homophenylalanine 
(3): m = 5 mg, 2% yield. HRMS m/z calcd for C35H40N5O6 [M+H]+ 626.2973, found 
626.2984. RP-HPLC system 1: 100 %, tR= 5.59 min. RP-HPLC system 3: 95.7 %, tR= 
10.23 min. 
Phenylacetyl-(3S,6R,10S)-Qaa-(2S)-(3-pyridyl)alanyl-(3S)-β-homophenylalanine 
(4): m = 3 mg, 4% yield. HRMS m/z calcd for C36H42N5O6 [M+H]+ 640.3130, found 
640.3135. RP-HPLC system 1: 100 %, tR= 4.92 min. RP-HPLC system 3: 97.2 %, tR= 9.72 
min. 
N-Boc-(2S)-(3-pyridyl)alanyl-(3S)-β-homophenylalanine benzyl ester (12).   (3S)-
N-(Boc)-β–Homophenylalanine (237 mg, 1 eq., 0.85 mmol, prepared from Boc-Phe 
according to the literature procedure50) was dissolved in 15 mL of acetonitrile and treated 
with cesium carbonate (1 eq., 277 mg) diluted in a minimum volume of water. The mixture 
was stirred for 1h, treated drop-wise with benzyl bromide (0.15 mL, 1.5 eq., 1.27 mmol), 
stirred overnight and concentrated under reduced pressure. The residue was dissolved in 
EtOAc and washed successively with 0.1N HCl, sat. NaHCO3 and brine, dried over Na2SO4 
and concentrated under vacuum. The residue was purified by flash chromatography on 
silica gel (hexane/EtOAc, 9:1) to afford 253 mg of (3S)-N-(Boc)-β–homophenylalanine 
benzyl ester in 81% yields. Rf = 0.37 (hexane/EtOAc 4:1); [α]25D –18° (c 1.0, CHCl3); 1H 
NMR (400 MHz, CDCl3) δ 1.43 (s, 9H), 2.51-2.56 (dd, J = 5.5, 12.1 Hz, 1H), 2.82-2.98 
(m, 2H), 4.22 (m, 1H), 5.11 (d, J = 12.3 Hz, 1H), 5.14 (d, J = 12.3 Hz, 1H), 7.15-7.40 (m, 
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10H); 13C NMR (100 MHz, CDCl3) δ 28.8, 30.1, 38.1, 40.7, 49.3, 66.9, 79.8, 127.0, 128.8, 
128.9, 129.0, 129.8, 136.1, 138.1, 155.5, 171.9. HRMS m/z calcd for C22H27N1O4Na 
[M+Na]+ 392.1832, found 392.1841.  
(3S)-N-(Boc)-β–Homophenylalanine benzyl ester (144 mg, 0.39 mmol) was treated 
with a solution of 25% TFA in CH2Cl2 for 2-3h at rt, when TLC showed complete 
disappearance of starting material (Rf = 0.92, 10% MeOH in DCM). The reaction mixture 
was evaporated under reduced pressure. The residue was dissolved and co-evaporated three 
times from dichloromethane, and then diluted in 10 mL of 1N HCl, let stand for 1 h, and 
freeze-dried to afford (3S)-β–homophenylalanine benzyl ester hydrochloride 11 [113 mg 
(95%)] as white foam: Rf = 0.38 (10% MeOH/CH2Cl2); [α]25D 95.1° (c 0.25, CH3OH); 1H 
NMR (400 MHz, CDCl3) δ 1.45 (br, 2H), 2.37-2.44 (dd, J = 8.8, 16 Hz, 1H), 2.55-2.60 (dd, 
J = 4.4, 16 Hz, 1H), 2.61-2.67 (dd, J = 8.4, 13.6 Hz, 1H), 2.76-2.81 (dd, J = 5.6, 13.6 Hz, 
1H), 3.53 (m, 1H), 5.16 (s, 2H), 7.20-7.39 (m, 10H); 13C NMR (100 MHz, CDCl3) δ 30.1, 
42.4, 50.1, 66.7, 126.9, 128.7, 128.9, 129.0, 129.7, 136.2, 138.9, 172.6. HRMS m/z calcd 
for C17H20NO2 [M+H]+ 270.1489, found 270.1488.  
N-Boc-(2S)-(3-pyridyl)alanine (221 mg, 1.2 eq. 0.83 mmol) was dissolved in 5 mL 
of CH2Cl2, treated with HOBt (1.2 eq., 112 mg) and TBTU (1.2 eq., 226 mg), stirred at rt 
for 15 min, treated with a solution of (3S)-β–homophenylalanine benzyl ester hydrochloride 
(7, 210 mg, 1 eq., 0.69 mmol) in 5 mL of CH2Cl2 followed by DIEA (0.24 mL, 2 eq., 1.38 
mmol), stirred for 3h and evaporated under reduced pressure. The residue was purified by 
flash chromatography on silica gel using ethyl acetate as eluant to afford 325 mg (91%) of 
N-Boc-(2S)-(3-pyridyl)alanyl-(3S)-β-homophenylalanine benzyl ester 12 as white foam: Rf 
= 0.52 (10% MeOH/CH2Cl2); [α]25D –17° (c 1.55, CHCl3). 1H NMR (400 MHz, CDCl3) δ 
1.36 (s, 9H), 2.42 (d, J = 4.9 Hz, 1H), 2.74 (dd, J = 8.0, 10.5 Hz, 1H), 2.88 (m, 2H), 3.05 
(dd, J = 6.3, 13.9 Hz, 1H), 4.31 (m, 1H), 4.44 (m, 1H), 5.05 (d, J= 12.2 Hz, 1H), 5.12 (d, 
J= 12.2 Hz, 1H), 5.20 (d, J = 8.1 Hz, 1H), 6.90 (m, 1H), 7.07-7.08 (m, 2H), 7.18-7.23 (m, 
5 H), 7.32-7.35 (m, 5 H), 7.57 (d, 1H), 8.41 (s, 2H); 13C NMR (100 MHz, CDCl3) δ 27.9, 
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31.3, 36.6, 39.4, 47.1, 61.3, 66.1, 71.5, 123.1, 126.4, 128.0, 128.1, 128.2, 128.9, 135.2, 
136.6, 136.9, 147.5, 147.9, 150.0, 169.9, 170.9, 171.0. HRMS m/z calcd for C30H36N3O5 
[M+H]+ 518.2649, found 518.2667.  
(2S)-(3-Pyridyl)alanyl-(3S)-β-homophenylalanine benzyl ester hydrochloride (13) 
N-Boc-(2S)-(3-Pyridyl)alanyl-(3S)-β-homophenylalanine benzyl ester (12, 145 mg, 0.28 
mmol) was treated with a solution of 25% TFA in CH2Cl2 for 2-3 h at rt, when complete 
disappearance of starting material was observed by TLC (Rf = 0.52, 10% MeOH in DCM).  
The reaction mixture was evaporated under reduced pressure.  The residue was co-
evaporated three times with dichloromethane, and then diluted in 10 mL of 1N HCl, let 
stand for 1 h, and freeze-dried to afford 113 mg (96%) of hydrochloride 13 as fluffy white 
solid: Rf = 0.16 (10% MeOH/CH2Cl2); [α]25D –60° (c 0.55, CH3OH). 1H NMR (400 MHz, 
CH3OD) δ 2.51-2.57 (dd, J = 8, 16 Hz, 1H), 2.59-2.65 (dd, J = 4.4, 15.6 Hz, 1H), 2.79-2.84 
(dd, J = 7.6, 13.2 Hz, 1H), 2.96-3.01 (dd, J = 6.4, 13.6 Hz, 1H), 3.24-3.28 (dd, J = 7.2, 14.4 
Hz, 1H), 3.42-3.47 (dd, J = 5.6, 18.4 Hz, 1H), 4.35 (t, J = 6.4 Hz, 1H), 4.50 (m, 1H), 5.10 
(q, J = 12.4 Hz, 2H), 7.22-7.32 (m, 8H), 7.35-7.37 (m, 2H), 8.02 (m, 1H), 8.61 (d, J = Hz, 
1H), 8.78 (m, 2H); 13C NMR (100 MHz, CH3OD) δ 34.2, 37.6, 40.1, 48.9, 53.4, 65.6, 
126.8, 127.2, 128.2, 128.3, 128.6, 128.7, 129.5, 135.5, 136.5, 137.9, 141.0, 142.7, 148.6, 
167.0, 171.5. HRMS m/z calcd for C25H28N3O3 [M+H]+ 418.2125, found 418.2126. 
N-Boc-(3S,6S,9S)-I2aa-(2S)-(3-pyridyl)alanyl-(3S)-β-homophenylalanine benzyl 
ester (14). A solution of Boc-I2aa (75 mg, 1 eq., 0.25 mmol, prepared according to ref 56) 
in dichloromethane (5 mL) was treated with HOBt (34 mg, 1 eq.) and TBTU (80 mg, 1 eq.). 
After stirring for 15 min, the mixture was treated with dipeptide hydrochloride 13 (112 mg, 
1 eq., 0.25 mmol), followed by DIEA (87 µL, 2 eq., 0.5 mmol), and stirred at rt for 6h. 
Evaporation of the volatiles gave a residue, which was purified by flash chromatography on 
silica gel using 5% MeOH in DCM as eluant.  Evaporation of the collected fractions 
afforded 146 mg (0.21 mmol, 84%) of benzyl ester 14 as pale yellow foam. Rf = 0.42 (10% 
MeOH/CH2Cl2); [α]25D –41.5° (c 0.65, CHCl3). 1H NMR (400 MHz, CDCl3) δ 1.29-1.44 
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(m, 3H), 1.47 (s, 9H), 1.81-1.87 (m, 1H), 1.97-2.07 (m, 2H), 2.26-2.32 (m, 2H), 2.52 (d, J = 
5.6 Hz, 2H), 2.79-2.84 (dd, J = 8, 13.6 Hz, 1H), 2.86-2.99 (m, 2H), 3.16-3.21 (dd, J = 4.8, 
14.4 Hz, 1H), 3.49-3.54 (m, 1H), 4.07-4.13 (q, J = 8 Hz, 1H), 4.37 (d, J = 8.8 Hz, 1H), 
4.47-4.52 (m, 1H), 4.55-4.59 (m, 1H), 5.09 (d, J = 12.4 Hz, 1H), 5.12 (d, J = 12.4 Hz, 1H), 
5.85 (d, J = 6.8 Hz, 1H), 7.06 (d, J = 8 Hz, 1H), 7.13-7.22 (m, 6 H), 7.26-7.40 (m, 5H), 
7.54 (d, J = 6,4 Hz, 1H), 7.66 (d, J =  8 Hz, 1H), 8.39 (s, 1H), 8.45 (d, J = 4.8 Hz, 1H). 13C 
NMR (100 MHz, CDCl3) δ  20.9, 25.3, 26.9, 28.6, 34.7, 38.0, 40.5, 47.1, 48.2, 54.4, 61.5, 
62.3, 66.7, 123.8, 126.9, 127.8, 128.6, 128.7, 128.8, 128.9, 130.3, 130.4, 132.2, 133.6, 
136.2, 137.3, 138.1, 148.2, 150.7, 151.4, 154.6, 169.6, 170.1, 171.5, 172.5.  HRMS m/z 
calcd for C39H48N5O7 [M+H]+ 698.3548, found 698.3541. 
(3S,6S,9S)-I2aa-(2S)-(3-pyridyl)alanyl-(3S)-β-homophenylalanine benzyl ester 
hydrochloride (15). N-Boc-(3S,6S,9S)-I2aa-(2S)-(3-pyridyl)alanyl-(3S)-β-
homophenylalanine benzyl ester 14 (50 mg, 1 eq., 72 µmol) was treated with a solution of 
25% TFA in CH2Cl2 for 2h at rt. Evaporation of the volatiles under reduced pressure, 
followed by co-evaporation three more times from dichloromethane gave a residue, which 
was purified by preparative HPLC using a reverse phase C18 column as described in 
general methods. Freeze-drying of the collected fractions gave amino ester 15 (32 mg, 
77%) as a fluffy white solid. Rf = 0.2 (10% MeOH/CH2Cl2); [α]D= 53° (c 0.65, CH3OH). 
1H NMR (400 MHz, CDCl3) δ 1.41-1.60 (m, 2H), 1.80-2.10 (m, 5H), 2.30 (m, 1H), 2.55 
(m, 2H), 2.79-2.99 (m, 3H), 3.13 (m, 1H), 3.49 (m, 1H), 3.78 (m, 1H), 4.39 (m, 1H), 4.51 
(m, 1H), 4.64 (m, 1H), 5.04 (d, J= 12.4 Hz, 1H), 5.09 (d, J= 12.4 Hz, 1H), 6.91 (m, 2H), 
7.08-7.42 (m, 12 H), 7.55 (s, 1H), 7.98 (s, 1H), 8.36 (s, 1H), 8.48 (s, 1H); 13C NMR (100 
MHz, CDCl3) δ 26.3, 28.8, 32.2, 34.7, 37.9, 40.3, 48.1, 54.9, 58.5, 60.0, 66.9, 109.4, 127.0, 
128.7, 128.9, 129.0, 129.7, 136.1, 137.9, 138.0, 170.5, 171.4, 171.8. HRMS m/z calcd for 
C34H41N5O5 [M+H]+ 598.3024, found 598.3011.  
Phenylacetyl-(3S,6S,9S)-I2aa-(2S)-(3-pyridyl)alanyl-(3S)-β-homophenylalanine 
benzyl ester (10). A solution of phenylacetyl chloride (3.2 µL, 1.2 eq., 24 µmol) was added 
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to amine 15 (14 mg, 1 eq., 20 µmol) dissolved in 10 mL of dichloromethane followed by 
DIEA (7 µL, 2eq., 40 µmol) and stirred at rt for 6h. Evaporation of the volatiles gave a 
residue, which was purified by preparative HPLC to afford 11.4 mg (80%) of ester 10 as 
yellow oil. [α]D –37° (c 0.75, CHCl3. 1H NMR (400 MHz, CDCl3) δ 1.27-1.35 (m, 3H), 
1.84 (m, 1H), 1.98-2.05 (m, 2H), 2.25-2.32 (m, 2H), 2.55 (d, J= 5.6 Hz, 2H), 2.82-2.95 (m, 
3H), 3.13 (dd, J = 4.0, 14.4 Hz, 1H), 3.49-3.54 (m, 1H), 3.68 (s, 1H), 4.30-4.38 (m, 2H), 
4.46-4.55 (m, 2H), 5.10 (d, J = 12 Hz, 1H), 5.13 (d, J = 12 Hz, 1H), 7.08-7.39 (m, 18 H), 
7.55 (d, J = 6.4 Hz, 1H), 7.72 (d, J = 7.6 Hz, 1H), 8.38 (s, 2H); 13C NMR (100 MHz, 
CDCl3) δ 27.0, 27.5, 27.7, 30.1, 32.5, 37.7, 40.4, 44.0, 47.8, 49.2, 55.2, 58.2, 59.9, 66.9, 
127.1, 127.6, 128.7, 128.8, 128.9, 129.0, 129.3, 129.7, 129.8, 135.3, 136.1, 137.9, 170.2, 
171.3, 171.7, 171.9. HRMS m/z calcd for C42H46N5O6 [M+H]+ 716.3442, found 716.3438.  
Benzhydrylidene aza-glycyl-(2S)-prolyl-(2S)-3-pyridylalanyl-(3S)-β- 
homophenylalanine benzyl ester (17). A solution of benzhydrylidene aza-glycyl-(2S)-
proline (16, 93 mg, 0.28 mmol) in 10 mL of dichloromethane was treated with HOBt (37 
mg, 0.28 mmol) and TBTU (89 mg, 0.28 mmol).  After stirring for 10 min, the mixture was 
treated with (3-pyridyl)alanyl-β-homophenylalanyl benzyl ester hydrochloride (13, 125 mg, 
0.28 mmol) and DIEA (144 µL, 0.828 mmol), and stirred for 6-8 h. Evaporation of the 
volatiles gave a residue, which was purified by flash chromatography on silica gel using 
5% MeOH in DCM as eluant.  Evaporation of the collected fractions afforded benzyl ester 
17 (120 mg, 0.19 mmol, 70%) of as yellow oil. Rf = 0.53 (10% MeOH/CH2Cl2); [α]25D –
74.4° (c 1.25, CHCl3). 1H NMR (400 MHz, CDCl3) δ 1.71-1.84 (m, 3H), 1.91-2.03 (m, 
1H), 2.44-2.56 (m, 2H), 2.73-2.90 (m, 3H), 3.10-3.19 (m, 3H), 4.39 (m, 1H), 4.47-4.58 (m, 
2H), 5.02 (d, J = 12.4 Hz, 1H), 5.06 (d, J = 12.4 Hz, 1H), 7.06-7.20 (m, 6H), 7.23-7.36 (m, 
12 H), 7.48-7.56 (m, 6H), 7.77 (s, 1H), 8.28 (s, 1H), 8.31 (d, J = 4 Hz, 1H); 13C NMR (100 
MHz, CDCl3) δ  20.9, 25.3, 28.6, 34.7, 38.0, 40.5, 48.2, 54.4, 61.5, 66.7, 123.8, 126.9, 
127.8, 128.6, 128.7, 128.8, 128.9, 130.3, 130.4, 132.2, 133.6, 136.2, 137.3, 138.1, 148.2, 
150.7, 151.4, 154.6, 169.6, 170.1, 171.5, 172.5.  HRMS m/z calcd for C44H45N6O5 [M+H+] 
737.3446, found 737.3455.  
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Phenylacetyl-aza-glycyl-(2S)-prolyl-(2S)-3-pyridylalanyl-(3S)-β-
homophenylalanine (5). Benzyl ester 13 (60 mg, 81.5 µmol) in 5 mL of THF was treated 
with 5 mL of 1N HCl at 60°C for 12-24 h, when LC/MS analysis showed total conversion 
of 17 to azaglycyl-prolyl-(3-pyridyl)alanyl-β-homophenylalanine ([M+H]+ = 483). The 
volatiles were evaporated. The residue was dissolved in 5 mL of dichloromethane, treated 
with phenylacetyl chloride (11 µL, 81.5 µmol) and DIEA (42.5 µL, 0.25 mmol), stirred for 
3-4 h, and evaporated to dryness. Purification was performed by preparative HPLC 
(Phenomenex Gemini 5µ C18, 250 x 21.2 mm) using a gradient from 10-90% methanol 
(containing 0.1% TFA) in water (containing 0.1% TFA) to afford 10 mg (21%) of 
azapeptide 5.  1H NMR (700 MHz, D2O) δ 1.51-1.54 (m, 1H), 1.65 (m, 1H), 1.82-1.86 (m, 
1H), 2.00-2.05 (m, 1H), 2.28-2.33 (m, 2H), 2.46-2.49 (dd, J= 4.8, 15.8 Hz, 1H), 2.63-2.66 
(dd, J= 5.0, 13.9 Hz, 1H), 2.89-2.93 (dd, J= 9.0, 14.4 Hz, 1H), 2.98-3.01 (dd, J= 6.3, 14.5 
Hz, 1H), 3.24-3.28 (dd, J= 7.6, 9.3 Hz, 1H), 3.35-3.38 (m, 1H), 3.51 (d, J = 15.1 Hz, 1H), 
3.55 (d, J = 15.1 Hz, 1H), 4.11 (dd, J = 4.1, 8.8 Hz, 1H), 4.22 (m, 1H), 4.38 (dd, J = 6.4, 
8.9 Hz, 1H), 7.06-7.72 (m, 10 H), 7.74 (t, J = 6.7 Hz, 1H), 8.12 (d, J = 8.0 Hz, 1H), 8.31 (s, 
1H), 8.40 (d, J = 5.0 Hz, 1H); 13C NMR (175 MHz, D2O) δ 26.3, 29.6, 33.7, 38.9, 39.9, 
40.0, 46.2, 48.4, 53.6, 60.7, 126.6, 126.9, 127.3, 127.8, 128.4, 128.9, 129.1, 129.2, 129.4, 
133.9, 137.4, 137.9, 139.6, 140.4, 147.3, 157.2, 170.3, 174.9, 175.1, 175.2. HRMS m/z 
calcd for C32H37N6O6 [M+H]+ 601.2769 found 601.2772. RP-HPLC system 1: 99%, tR= 
6.88 min. RP-HPLC system 3: 97.1%, tR= 8.76 min.  
Aza-propargylglycyl-proline tert-butyl ester (19a). As reported for the synthesis of 
19b in reference 56, benzhydrylidene aza-propargylglycyl-proline tert-butyl ester 18a (100 
mg, 0.23 mmol) was stirred with hydroxylamine hydrochloride (29 mg, 0.42 mmol) in 20 
mL of pyridine overnight at 60 °C.  The volatiles were removed by rotary evaporation 
followed by co-evaporation with dichloromethane and ethyl acetate until solidification. 
Purification by flash chromatography on silica gel using a 1:1 mixture of ethyl acetate in 
hexane afforded amine 19a (51.3 mg, 84%) as a pale yellow foam: Rf = 0.39 
(hexane/EtOAc 1:1); [α]20D –48° (c 1.15, CHCl3). 1H NMR (CDCl3, 400 MHz) δ 1.46 (s, 
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9H), 1.84-1.99 (m, 3H), 2.13-2.20 (m, 1H), 2.31 (s, 1H), 3.64 (m, 2H), 4.16 (d, J = 17.2 
Hz, 1H), 4.24 (d, J = 17.2 Hz, 1H), 4.43 (m, 1H); 13C NMR (CDCl3,100 MHz) δ 23.3, 27.6, 
30.1, 42.6, 48.8, 61.5, 73.0, 78.1, 80.3, 159.8, 172.5. HRMS m/z calcd for C13H21N3O3Na 
[M+Na]+ 290.1475, found 290.1488.  
Aza-phenylalanyl-proline tert-butyl ester (19b) was prepared according to the 
procedure described in reference 56 from benzhydrylidene aza-phenylalanyl-proline tert-
butyl ester 18b (50 mg, 0.1 mmol). Purification of the residue by flash chromatography on 
silica gel using a 1:1 mixture of ethyl acetate in hexane afforded amine 19b (28 mg, 88%) 
as a pale yellow foam: Rf = 0.31 (hexane/EtOAc 1:1); [α]20D –35° (c 0.1, CHCl3). 1H NMR 
(CDCl3, 400 MHz): δ 1.44 (s, 9H), 1.83-1.95 (m, 3H), 2.12-2.19 (m, 1H), 3.64-3.67 (m, 
2H), 4.46 (m, 1H), 4.59 (d, J = 16 Hz, 1H), 4.61 (d, J = 16 Hz, 1H), 7.28-7.35 (m, 5H); 13C 
NMR (CDCl3,100 MHz): δ 23.4, 27.6, 30.1, 49.1, 56.1, 61.7, 80.1, 127.2, 127.3, 128.1, 
128.3, 136.3, 172.7. HRMS (ESI) m/z calcd for C17H26N3O3 [M+H]+ 320.1971; found, 
320.1969.  
Aza-allylglycyl-proline tert-butyl ester (19c) was prepared according to the 
procedure described above from benzhydrylidene aza-allylglycyl-proline tert-butyl ester 
18c (191.9 mg, 0.43 mmol). Purification of the residue by flash chromatography on silica 
gel using a 1:1 mixture of ethyl acetate in hexane afforded amine 19c (54.5 mg, 47%) as a 
pale yellow foam: Rf = 0.22 (EtOAc); [α]20D –38.5° (c 2.05, CHCl3). 1H NMR (CDCl3, 400 
MHz): δ 1.44 (s, 9H), 1.79-1.94 (m, 3H), 2.11-2.15 (m, 1H), 3.56-3.62 (m, 2H), 3.73 (br, 
2H), 3.95 (d, J = 5.0 Hz, 2H), 4.38-4.41 (dd, J = 4.3, 8.4 Hz, 1H), 5.23-5.27 (m, 2H), 5.81-
5.88 (m, 1H); 13C NMR (CDCl3,100 MHz): δ 23.4, 27.6, 30.0, 48.9, 55.4, 61.5, 80.1, 118.6, 
132.6, 160.6, 172.6. HRMS m/z calcd for C13H24N3O3 [M+H]+ 270.1812, found 270.1814. 
Aza-alanyl-(2S)-proline tert-butyl ester (19d) was prepared according to the 
procedure described above from benzhydrylidene aza-alalinyl-proline tert-butyl ester 18d 
(200 mg, 0.51 mmol).  Purification of the residue by flash chromatography on silica gel 
using a 5% methanol in dichloromethane afforded amine 19d (59.5 mg, 48%) as a yellow 
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oil: Rf = 0.25 (5% MeOH/CH2Cl2); [α]20D –24° (c 3.03, CHCl3). 1H NMR (CDCl3, 400 
MHz): δ 1.43 (s, 9H), 1.80-1.95 (m, 3H), 2.11-2.14 (m, 1H), 3.04 (s, 3H), 3.55 (t, J = 6.8 
Hz, 2H), 3.99 (br, 2H), 4.33-4.37 (dd, J = 4.8, 8.0 Hz, 1H); 13C NMR (CDCl3,100 MHz): δ 
23.6, 27.6, 29.9, 41.6, 45.6, 48.8, 80.2, 161.5, 172.6. HRMS m/z calcd for C11H22N3O3 
[M+H]+ 244.1656, found 244.1650. 
Representative protocol for phenylacetylation of aza-dipeptide tert-butyl esters:   
Phenylacetyl-aza-propargylglycyl-(2S)-proline tert-butyl ester (20a).  
Aza-propargylglycylproline tert-butyl ester (19a, 60 mg, 0.23 mmol) was dissolved in 10 
mL of EtOAc, treated with phenyl acetyl chloride (32 µL, 0.24 mmol) and DIEA (46 µL, 
0.26 mmol), stirred 12h, and washed with 10 mL of HCl 1N and 10 mL of brine. After 
evaporation of the volatiles the crude material was purified by chromatography on silica gel 
using a mixture of ethyl acetate in hexane (1:1) to afford ester 20a (85.5 mg, 98% yield) as 
yellow oil. Rf = 0.32 (hexane/EtOAc 1:1); [α]20D 47.4° (c 1.9, CHCl3);  1H NMR (400 
MHz, CDCl3) δ 1.43 (s, 9H), 1.73-1.90 (m, 3H), 2.05-2.09 (m, 1H), 2.15 (t, J = 2.4 Hz, 
1H), 3.33 (m, 2H), 3.61 (s, 2H), 4.20-4.24 (m, 3H), 7.29-7.34 (m, 5H), 7.91 (s, 1H); 13C 
NMR (100 MHz, CDCl3) δ 25.2, 28.4, 30.0, 40.0, 42.1, 48.9, 61.8, 73.4, 78.6, 81.7, 127.9, 
129.4, 129.6, 134.1, 158.8, 170.0, 172.4. HRMS m/z calcd for C21H27N3O4Na [M+Na]+ 
408.1894, found 408.1903. 
Phenylacetyl-aza-phenylalanyl-(2S)-proline tert-butyl ester (20b) was obtained 
from aza-dipeptide 19b (50 mg, 0.16 mmol) as described above in 60% yield as a yellow 
oil. Rf = 0.31 (hexane/EtOAc 1:1); [α]25D 30.4° (c 1.25, CHCl3); 1H NMR (400 MHz, 
CDCl3) δ 1.47 (s, 9H), 1.76-1.83 (m, 2H), 1.88-1.92 (m, 1H), 2.05-2.16 (m, 1H), 3.35-3.39 
(m, 1H), 3.43-3.57 (m, 3H), 4.34 (t, J = 7.2 Hz, 1H), 4.43 (d, J = 14.2 Hz, 1H), 4.71 (d, J = 
14.2 Hz, 1H), 7.10-7.13 (m, 2H), 7.17-7.19 (m, 2H), 7.24-7.28 (m, 7H); 13C NMR (100 
MHz, CDCl3) δ 24.7, 27.6, 29.2, 41.4, 48.4, 52.7, 61.1, 80.9, 127.0, 127.3, 128.1, 128.2, 
128.6, 128.9, 129.0, 133.2, 135.5, 158.9, 168.9, 171.9. HRMS m/z calcd for C25H32N3O4 
[M+H]+ 438.2387, found 438.2379.  
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Phenylacetyl-aza-allylglycyl-(2S)-proline tert-butyl ester (20c) was obtained from 
aza-dipeptide 19c (50 mg, 0.19 mmol) as described above in 90% yield as a yellow oil. Rf = 
0.25 (hexane/EtOAc 1:1); [α]25D 36.6° (c 1.75, CHCl3);  1H NMR (400 MHz, CDCl3) δ 
1.44 (s, 9H), 1.75-1.92 (m, 3H), 2.09-2.18 (m, 1H), 3.29-3.36 (m, 1H), 3.38-3.47 (m, 1H), 
3.55 (s, 2H),  3.84-3.89 (dd, J = 8, 16 Hz, 1H), 3.98-4.03 (dd, J = 8, 16 Hz, 1H), 4.28 (t, J = 
7.2 Hz, 1H), 5.01 (dd, J = 1.2, 16.8 Hz, 1H), 5.07 (dd, J = 1.2, 10.0 Hz, 1H), 5.79 (m, 1H), 
7.26-7.33 (m, 5H), 7.65 (s, 1H); 13C NMR (100 MHz, CDCl3) δ 25.5, 28.4, 30.0, 42.3, 49.1, 
53.7, 61.7, 81.7, 120.1, 127.9, 129.3, 129.6, 132.7, 134.3, 159.7, 169.9, 172.6. HRMS m/z 
calcd for C21H29N3O4Na [M+Na]+ 410.2050, found 410.2058. 
Phenylacetyl-aza-alanyl-(2S)-proline tert-butyl ester (20d) was obtained from aza-
dipeptide 19d (59 mg, 0.24 mmol) as described above in 75% yield as a yellow oil. Rf = 
0.45 (EtOAc); [α]25D 27° (c 1.75, CHCl3);  1H NMR (400 MHz, CDCl3) δ 1.45 (s, 9H), 
1.74-1.78 (m, 2H), 1.86 (m, 1H), 2.11 (m, 1H), 3.01 (s, 3H), 3.29 (m, 1H), 3.37 (m, 1H), 
3.56 (s, 2H), 4.24 (t, J = 6.8 Hz, 1H), 7.28-7.33 (m, 5H), 8.28 (s, 1H); 13C NMR (100 MHz, 
CDCl3) δ 24.8, 27.6, 29.2, 38.3, 41.2, 48.4, 60.9, 80.9, 127.0, 128.5, 128.8, 133.7, 159.5, 
168.9, 172.0. HRMS m/z calcd for C19H28N3O4 [M+H]+ 362.2074, found 362.2074. 
Representative protocol for azapeptide benzyl ester synthesis:  
Phenylacetyl-aza-propargylglycyl-(2S)-prolyl-(2S)-3-pyridylalanyl-(3S)-β-
homophenylalanine benzyl ester (22a). Phenylacetyl-aza-propargylglycyl-(2S)-proline 
tert-butyl ester (20a, 85 mg, 0.22 mmol) was treated with a solution of 9:1 TFA in 
dichloromethane and stirred 1h at room temperature until complete disappearance of 
starting material. The mixture was then evaporated and co-evaporated 3 times with 
dichloromethane, then dissolved in EtOAc. The organic phase was extracted with saturated 
NaHCO3 and the basic aqueous phase was acidified with 1N HCl then back-extracted with 
510 mL of EtOAc.  After evaporation of the volatiles, crude acid 21a was dissolved in 
THF (7 mL), cooled to –15°C and treated sequentially with isobutyl chloroformate (31 µL, 
0.242 mmol) and N-methyl morpholine (36 µL, 0.33 mmol), stirred for 15 min and treated 
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with a solution of (3-pyridyl)alanyl-β-homophenylalanine benzyl ester hydrochloride (13, 
111 mg, 0.27 mmol) in ethyl acetate (5 mL).  After stirring at –15 °C for 1 h, the volatiles 
were removed under reduced pressure and the crude material was purified by 
chromatography on silica gel using ethyl acetate as eluant to afford benzyl ester 22a (64 
mg, 40% yield) as pale yellow foam. Rf = 0.42 (10% MeOH/CH2Cl2); [α]25D 14.7° (c 1.5, 
CHCl3);  1H NMR (400 MHz, CDCl3) δ 1.13-1.28 (m, 1H), 1.61-1.69 (m, 2H), 2.17 (m, 
1H), 2.32 (s, 1H), 2.59-2.71 (m, 2H), 2.81-2.84 (m, 2H), 2.85-2.99 (m, 2H), 3.26 (d, J = 
12.8 Hz, 1H), 3.36 (t, J = 8 Hz, 1H), 3.64-3.76 (m, 2H), 3.82 (d, J = 17.2 Hz, 1H), 4.24-
4.28 (dd, J = 7.2, 10.4 Hz, 1H), 4.41 (d, J = 16.8 Hz, 1H), 4.55 (m, 2H), 5.09 (dd, J = 12.4, 
17.6 Hz, 2H), 7.16 (m, 6H), 7.25-7.35 (m, 11H), 7.41 (d, J = 7.6 Hz, 1H), 7.57 (d, J = 8.4 
Hz, 1H), 8.42 (s, 2H), 9.98 (s, 1H); 13C NMR (100 MHz, CDCl3) δ 26.1, 30.0, 30.1, 34.4, 
38.9, 40.7, 41.2, 48.5, 50.4, 54.8, 63.4, 66.8, 74.5, 78.3, 123.8, 126.9, 128.0, 128.6, 128.7, 
129.4, 129.7, 130.1, 134.2, 134.5, 136.1, 136.3, 136.8, 138.1, 148.1, 150.6, 160.3, 171.0, 
171.1, 171.2, 172.1. HRMS m/z calcd for C42H45N6O6 [M+H]+ 729.3395, found 729.3382. 
Phenylacetyl-aza-phenylalanyl-(2S)-prolyl-(2S)-3-pyridylalanyl-(3S)-β-
homophenylalanine benzyl ester (22b) was obtained from ester 20b (42 mg, 96 µmol) as 
described above in 48% yield as pale yellow foam. Rf = 0.35 (10% MeOH/CH2Cl2); [α]25D 
9.3° (c 1.4, CHCl3); 1H NMR (400 MHz, CDCl3) δ 1.28 (m, 1H), 1.69-1.74 (m, 2H), 2.19-
2.21 (m, 1H), 2.64-2.67 (m, 2H), 2.87-3.01 (m, 3H), 3.07 (m, 1H), 3.22 (d, J = 12.4 Hz, 
1H), 3.38 (t, J = 8 Hz, 1H), 3.61 (s, 2H), 3.89 (d, J = 13.6 Hz, 1H), 4.30-4.34 (dd, J = 6.8, 
10.2 Hz, 1H), 4.55-4.59 (m, 2H), 5.03- 5.14 (m, 3H), 7.12-7.35 (m, 22H), 7.51 (d, J = 7.2 
Hz, 1H), 7.60 (d, J = 8.8 Hz, 1H), 8.34 (br, 2H), 8.72 (s, 1H); 13C NMR (100 MHz, CDCl3) 
δ 25.4, 29.4, 33.5, 38.3, 40.0, 40.7, 47.7, 49.8, 53.7, 53.9, 62.7, 66.0, 126.0, 127.4, 127.7, 
127.8, 127.9, 128.0, 128.1, 128.4, 128.7, 128.8, 128.9, 129.3, 132.9, 135.1, 135.6, 137.6, 
160.3, 169.8, 169.9, 170.5, 171.3. HRMS m/z calcd for C46H49N6O6 [M+H]+ 781.3708, 
found 781.3727. 
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Phenylacetyl-aza-allylglycyl-(2S)-prolyl-(2S)-3-pyridylalanyl-(3S)-β-
homophenylalanine benzyl ester (22c) was obtained from ester 20c (66 mg,  0.17 mmol) 
as described above in 55% yield as yellow foam. Rf = 0.40 (10% MeOH/CH2Cl2); [α]25D –
10.6° (c 1.8, CHCl3); 1H NMR (400 MHz, CDCl3) δ 1.27 (m, 1H), 1.67-1.74 (m, 2H), 2.16-
2.21 (m, 1H), 2.59-2.70 (m, 2H), 2.82-2.96 (m, 3H), 3.02-3.08 (m, 1H), 3.27-3.37 (m, 2H), 
3.54-3.59 (dd, J = 8.8, 14.4 Hz, 1H), 3.68 (s, 2H), 4.28-4.32 (m, 2H), 4.54-4.59 (m, 2H), 
5.05-5.15 (m, 4H), 5.68-5.77 (m, 1H), 7.19-7.21 (m, 6H), 7.28-7.36 (m, 11H), 7.52 (d, J = 
8 Hz, 1H), 7.58 (d, J = 8 Hz, 1H), 8.43 (br, 2H), 8.69 (s, 1H); 13C NMR (100 MHz, CDCl3) 
δ 26.1, 30.1, 34.3, 39.0, 40.8, 41.6, 48.5, 50.4, 53.7, 54.7, 63.3, 66.8, 120.7, 126.8, 128.2, 
128.5, 128.7, 128.8, 128.9, 129.5, 129.6, 130.0, 132.7, 133.9, 136.4, 138.4, 160.7, 170.6, 
170.7, 171.2, 172.1. HRMS m/z calcd for C42H47N6O6 [M+H]+ 731.5552, found 731.3541. 
Phenylacetyl-aza-alanyl-(2S)-prolyl-(2S)-3-pyridylalanyl-(3S)-β-
homophenylalanine benzyl ester (22d) was obtained from ester 20d (65 mg, 0.18 mmol) 
as described above in 40% yield as pale yellow foam. Rf = 0.32 (10% MeOH/CH2Cl2); 
[α]25D –19.6° (c 2.8, CHCl3); 1H NMR (400 MHz, CDCl3) δ 1.27 (m, 1H), 1.67-1.70 (m, 
2H), 2.15-2.17 (m, 1H), 2.63-2.71 (m, 2H), 2.81-2.84 (m, 2H), 2.86-2.97 (m, 5H), 3.22-
3.32 (m, 2H), 3.67 (s, 2H), 4.25-4.29 (dd, J = 6.8, 10.4 Hz, 1H), 4.52-4.60 (m, 2H), 5.09 (d, 
J = 12.4 Hz, 1H), 5.13 (d, J = 12.4 Hz, 1H), 7.17-7.19 (m, 6H), 7.27-7.42 (m, 13H), 7.58 
(d, J = 8.8 Hz, 1H), 8.35-8.43 (s, 1H), 9.27 (s, 1H); 13C NMR (100 MHz, CDCl3) δ 26.2, 
29.9, 34.4, 39.2, 41.0, 41.4, 48.6, 50.3, 54.8, 63.4, 66.8, 126.8, 128.0, 128.5, 128.7, 128.9, 
129.4, 129.5, 130.1, 136.4, 136.9, 138.4, 147.9, 161.4, 170.6, 171.3, 172.4.  HRMS m/z 
calcd for C40H45N6O6 [M+H]+ 705.3395, found 705.3392. 
Phenylacetyl-aza-propargylglycyl-(2S)-prolyl-(2S)-3-(pyridyl)-alanyl-(3S)-β-
homophenylalanine (6). Phenylacetyl-aza-propargylglycyl-(2S)-prolyl-(2S)-3-
pyridylalanyl-(3S)-β-homophenylalanine benzyl ester (22a, 25 mg, 0.034 mmol) was 
dissolved in a minimum amount of dioxane, cooled to 0°C, treated with a 2N LiOH (5 mL), 
stirred for 30 min, and the volatiles were evaporated under reduce pressure. The aqueous 
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residue was acidified to pH 5 using 1N HCl and extracted with ethyl acetate.  The organic 
extractions were combined, dried with sodium sulfate and concentrated under vacuum. The 
residue was purified by preparative HPLC, on a C18 reverse-phase column, using methanol 
in water as eluant. Freeze-drying of the collected fractions gave acid 6 (14.6 mg, 67%) as a 
pale yellow oil: Rf = 0.24 (10% MeOH/CH2Cl2); [α]25D 9.5° (c 1.05, CH3OH);  1H NMR 
(700 MHz, CH3OD) δ 1.20 (m, 1H), 1.79-1.81 (m, 2H), 2.17 (m, 1H), 2.57 (d, J = 6.9 Hz, 
1H), 2.72-2.78 (dd, J = 8.3, 13.6 Hz, 1H), 2.79 (t, J = 2.5 Hz, 1H), 2.81 (m, 1H), 2.98-3.01 
(dd, J = 4.9, 13.7 Hz, 1H), 3.06-3.09 (dd, J = 4.1, 14.3 Hz, 1H), 3.16 (m, 1H), 3.47-3.49 (m, 
1H), 3.72 (d, J = 14.5 Hz, 1H), 3.76 (d, J = 14.5 Hz, 1H), 3.82-3.89 (m, 1H), 4.22-4.25 (dd, 
J = 6.9, 10.4 Hz, 1H), 4.37-4.39 (dd, J = 4.0, 11.3 Hz, 1H), 4.47-4.49 (m, 2H), 7.14 (m, 
3H), 7.22 (m, 2H), 7.28 (t, J = 7.4 Hz, 1H), 7.34 (m, 3H), 7.42 (m, 2H), 7.53 (d, J = 7.2 Hz, 
1H), 8.25 (s, 1H), 8.40 (d, J = 4.8 Hz, 1H), 8.47 (s, 1H); 13C NMR (175 MHz, CH3OD) 
δ 25.1, 29.5, 33.6, 38.6, 39.8, 39.9, 47.3, 48.3, 49.8, 54.6, 62.7, 73.7, 77.4, 123.8, 126.0, 
127.1, 127.9, 128.5, 129.1, 129.5, 134.4, 134.5, 137.3, 137.9, 146.9, 149.2, 160.0, 170.7, 
171.0, 173.1, 173.8. HRMS m/z calcd for C35H39N6O6 [M+H]+ 639.2926, found 639.2942. 
RP-HPLC system 1: 98.9%, tR= 7.96 min. RP-HPLC system 3: 98.5%, tR= 11.86 min.  
Phenylacetyl-aza-phenylalanyl-(2S)-prolyl-(2S)-(3-pyridyl)alanyl-(3S)-β-
homophenylalanine (7) was obtained from 22b (31 mg, 0.039 mmol) as described above 
in 66% yield: Rf = 0.32 (10% MeOH/CH2Cl2); [α]25D 12.4° (c 2.5, CH3OH); 1H NMR (700 
MHz, CH3OD) δ 1.16-1.23 (m, 1H), 1.79-1.83 (m, 2H), 2.18-2.20 (m, 1H), 2.61 (m, 2H), 
2.79-2.82 (dd, J = 8.7, 13.1 Hz, 1H), 2.86-2.90 (m, 1H), 3.02 (d, J = 10.9 Hz, 1H), 3.12 (d, 
J = 12.7 Hz, 1H), 3.17-3.21 (dd, J = 9.8, 17.1 Hz, 1H), 3.48 (m, 1H), 3.61 (s, 2H), 3.93 (m, 
1H), 4.28-4.31 (dd, J = 6.9, 10.6 Hz, 1H), 4.41 (d, J = 7.9 Hz, 1H), 4.52 (m, 1H), 5.11 (m, 
1H), 7.17-7.18 (m, 3H), 7.21 (m, 2H), 7.28-7.37 (m, 11H), 7.59 (s, 1H), 8.31 (s, 1H), 8.42 
(s, 1H); 13C NMR (175 MHz, CH3OD) δ 25.2, 29.4, 29.5, 33.6, 39.8, 40.0, 48.4, 50.0, 54.0, 
54.6, 62.9, 126.1, 127.1, 127.5, 128.0, 128.3, 128.5, 129.1, 129.2, 129.5, 134.4, 135.9, 
138.1, 161.0, 170.7, 170.8, 173.3. HRMS m/z calcd for C39H43N6O6 [M+H]+ 691.3238, 
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found 691.3231. RP-HPLC system 1: 97.4%, tR= 8.84 min. RP-HPLC system 3: 98.9%, tR= 
13.99 min. 
Phenylacetyl-aza-allylglycyl-(2S)-prolyl-(2S)-(3-pyridyl)alanyl-(3S)-β-
homophenylalanine (8) was obtained from 22c (18 mg, 0.025 mmol) as described above in 
72% yield: Rf = 0.28 (10% MeOH/CH2Cl2); [α]25D –54.2° (c 1.2, CH3OH); 1H NMR (700 
MHz, CH3OD) δ 1.18 (m, 1H), 1.77-1.82 (m, 2H), 2.17-2.28 (m, 1H), 2.57 (m, 2H), 2.73-
2.76 (dd, J = 8.9, 13.4 Hz, 1H), 2.81-2.87 (m, 1H), 2.98-3.02 (dd, J = 3.7, 13.5 Hz, 1H), 
3.06-3.08 (d, J = 12.5 Hz, 1H), 3.16-3.20 (q, J = 5.8 Hz, 1H), 3.48 (m, 1H), 3.64 (br, 1H), 
3.67 (d, J = 14.4 Hz, 1H), 3.70 (d, J = 14.5 Hz, 1H), 4.24-4.27 (dd, J = 6.9, 10.5 Hz, 1H), 
4.38 (d, J = 7.8 Hz, 2H), 4.49 (m, 1H), 5.15 (dd, J = 1.0, 17.2 Hz, 1H), 5.21-5.23 (d, J = 
10.2 Hz, 1H), 5.88-5.92 (m, 1H), 7.16 (m, 3H), 7.24-7.28 (m, 3H), 7.32-7.34 (m, 3H), 7.38 
(m, 2H), 7.56 (s, 1H), 8.29 (s, 1H), 8.40 (s, 1H); 13C NMR (175 MHz, CH3OD) δ 25.2, 
29.5, 39.9, 40.1, 48.4, 49.9, 53.2, 54.6, 62.7, 118.8, 126.0, 127.1, 127.9, 128.4, 129.1, 
129.4, 132.6, 134.4, 138.1, 161.0, 170.7, 170.8, 173.3. HRMS m/z calcd for C35H41N6O6 
[M+H]+ 641.3082, found 641.3086. RP-HPLC system 1: 95.8%, tR= 8.20 min. RP-HPLC 
system 3: 98.7%, tR= 12.68 min. 
Phenylacetyl-aza-alanyl-(2S)-prolyl-(2S)-(3-pyridyl)alanyl-(3S)-β-
homophenylalanine (9) was obtained from ester 22d (16.7 mg, 0.024 mmol) as described 
above in 85% yield: Rf = 0.21 (10% MeOH/CH2Cl2); [α]25D –100° (c 1.1, CH3OH); 1H 
NMR (700 MHz, CH3OD) δ 1.13-1.19 (m, 1H), 1.75-1.80 (m, 2H), 2.16-2.18 (m, 1H), 2.60 
(m, 2H), 2.72-2.75 (dd, J = 8.9, 13.4 Hz, 1H), 2.80-2.82 (m, 1H), 2.97-2.99 (dd, J = 4.5, 
13.6 Hz, 1H), 3.05 (s, 3H), 3.06 (s, 1H), 3.10-3.14 (m, 1H), 3.45 (t, J = 8.7 Hz, 1H), 3.70 
(d, J = 14.6 Hz, 1H), 3.71 (d, J = 14.5 Hz, 1H), 4.22-4.25 (dd, J = 6.8, 10.7 Hz, 1H), 4.36-
4.39 (dd, J = 3.6, 11.2 Hz, 1H), 4.49 (m, 1H), 7.12-7.18 (m, 3H), 7.20-7.29 (m, 3H), 7.32-
7.34 (m, 3H), 7.38-7.41 (m, 2H), 7.57 (s, 1H), 8.25 (s, 1H), 8.48 (s, 1H); 13C NMR (175 
MHz, CH3OD) δ 29.5, 30.8, 33.5, 37.8, 39.9, 40.2, 48.3, 49.8, 54.5, 62.8, 123.8, 126.0, 
127.1, 127.9, 128.5, 128.9, 129.0, 129.2, 129.4, 134.4, 134.6, 137.3, 138.0, 146.8, 149.1, 
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161.1, 170.6, 170.7, 173.3. HRMS m/z calcd for C33H39N6O6 [M+H]+ 615.2926, found 
615.2937. RP-HPLC system 1: 98.6%, tR= 7.78 min. RP-HPLC system 3: 99%, tR= 11.58 
min. 
4.5.2 Biochemistry 
4.5.2.1 Myometrial contraction assay. 
Ex vivo myometrial contraction assay was performed as previously described24. 
Briefly, uteri from mice were obtained from animals immediately after delivery. 
Myometrial strips (2-3 mm wide and 1-2 cm long) were suspended in organ baths 
containing Krebs buffer equilibrated with 21% oxygen at 37°C with an initial tension, as 
well as peak, duration, and frequency of spontaneous contraction in the absence or in 
presence of PGF2α (0.5 µM) and PDC113.824 (1µM) or mimic 1-9 (1µM) were recorded 
with a Kent digital polygraph system. 
4.5.2.2 MAP kinase activation 
PGF2α was obtained from Cayman. Mouse monoclonal anti-p-ERK and rabbit 
polyclonal anti-total ERK antibodies were from Cell Signaling.  HEK293 cells stably 
transfected with HA-FP (HA-FP cells)24 were employed to  measure activation of MAP 
kinase by PGF2α using conventional western blot methods. Briefly, HA-FP cells in 6-well 
plates were starved for 30 min and pre-treated with 1µM PDC113.824, or an azapeptide (5-
7) for 30 min, and then challenged with PGF2α (0.1 µM or 1 µM) for 5 min.  Cells were 
lysed in Laemmli buffer 2X (250 mM Tris-HCl pH 6.8, 2% SDS, 10% glycerol, 0.01% 
bromophenol blue). Lysates were migrated on a 10% SDS-PAGE gel, transferred to 
nitrocellulose membrane, and probed using mouse anti-p-ERK1/2 and rabbit anti-total-
ERK1/2 antibodies. Signals were quantified by densitometry and statistical tests were 
performed as described.24 
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4.5.2.3 Cell ruffling 
Cell ruffling was performed as described.24 Briefly, serum-starved FP cells plated 
on cover slips were pre-treated or not with PDC113.824 (1µM) or azapeptides 5-7 (1µM) 
for 30 min at 37ºC, then stimulated with 1 µM PGF2α for 30 min, fixed with 4% 
paraformaldehyde (PFA), and stained with Fluor488-Phalloidin. Nine fields (50-75 
cells/field) per cover slip were quantified to assess circular cellular ruffling.  
Supporting Information Available: Copies of 1H NMR and 13C NMR spectra are 
available in the online version of this article. This material is available free of charge via 
the internet at http://pubs.acs.org. 
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À son commencement, mon projet de thèse était d'étudier la relation structure-
activité d'un tour β au sein d'un inhibiteur connu du récepteur de la prostaglandine F2 alpha 
(le PDC113.824) afin de déterminer son importance, mais également de trouver un nouveau 
mime qui nous permettrait d'accéder plus rapidement et plus économiquement à une 
nouvelle génération d'agents tocolytiques qui seraient capables à la fois d'arrêter les 
contractions avant terme et de prolonger la gestation.  
Le remplacement systématique de l'I2aa par d'autres tours β au sein du mime 
peptidique parent PDC113.824 sur résine oxime nous a permis d'accéder à une variété de 
mimes contenant la forme D de l'indolizidin-2-one, la quinolizidinone (bicycle 6/6) et 
l'indolizidin-9-one. Malheureusement aucun de ces mimes n'a présenté d'activité inhibitrice 
sur les contractions utérines de souris ex vivo, cependant cela nous a permis de conclure 
qu'un tour β de type II' était indispensable à l'activité du PDC113.824.  
Parallèlement à cette étude, nos collaborations sur ce projet se sont agrandies, et 
nous nous sommes intéressés d'avantage au mode de fonctionnement du récepteur de la 
PGF2α. De ce fait, le PDC113.824 est devenu un outil d'étude du récepteur. Sa synthèse 
sur résine s'est avérée trop peu efficace pour accéder à tout le matériel dont nous avions 
besoin pour compléter les études biochimiques et pharmacologiques. C'est pourquoi une 
synthèse en solution a été développée. Grâce à cette étude, nous avons pu conclure que le 
PDC113.824 agissait comme un inhibiteur allostérique du récepteur de la PGF2α, c'est à 
dire qu'il se fixe sur une partie du récepteur indépendamment de la présence de la 
prostaglandine, ce qui constitue une qualité intéressante surtout dans le développement d'un 
nouveau médicament. De plus, nous avons découvert que le récepteur cible principalement 
deux voies de signalisation intracellulaire, l'une impliquant la protéine Gq et la voie des 
MAP kinases, l'autre la voie G12/Rho influençant le remodelage du cytosquelette. 
Notre intérêt quant au développement d'un tocolytique efficace, basé sur le modèle 
du PDC113.824, montrant une activité inhibitrice de l'ordre du nanomolaire sur l'utérus de 
souris, non toxique et ayant montré également une activité efficace sur le mouton nous a 
amené à trouver une alternative à l'I2aa beaucoup trop long et coûteux à synthétiser. Notre 
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première intuition s'est portée sur les azapeptides (déjà étudiés dans notre groupe) qui ont 
démontré de nombreuses qualités en tant qu'outils du peptidomimétisme. Compte tenu de sa 
ressemblance avec l'indolizidinone déjà observée dans une étude précédente sur le CGRP, 
l'azaGly-Pro semblait être un mime de choix! 
Tout d'abord, une nouvelle stratégie de synthèse en solution de l'aza-glycyl-proline à 
partir de la diphényle hydrazone et du chloroformate de p-nitrophényle a permis d'éliminer 
les réactions secondaires de cyclisation intramoléculaires communément obtenues lors des 
synthèses utilisant les protections traditionnelles de type carbamate (Boc ou Fmoc) en 
présence de phosgène. Elle a aussi permis de faciliter l'accès en une étape à des dérivés du 
type aza-dipeptide dont nous avons validé l'utilisation en incorporant l'azaGly-Pro en 
solution au sein d'un tetrapeptide d'intérêt biologique, le Smac, activateur potentiel de 
l'apoptose au sein de cellules cancéreuses.  
Par la suite, nous voulions introduire une série de diversifications sélectivement sur 
l'azote α de l'aza-glycine. L'alkylation directe et sélective du fragment aza-glycyle avec 
différents halogénures d'alkyle en présence de tert-butoxyde de potassium s'est avérée 
efficace tant en solution que sur support solide. Le comportement de la proline dans 
l'azaGly-Pro nous a toutefois posé un défi. En effet, dans la réaction d'alkylation de 
l’azaGly-Pro-OMe, une perte de rendement est observée dûe à des réactions de trans-
estérification et de cyclisation intramoléculaire en hydantoïne. De plus, la déprotection de 
la benzophénone de l'aza(alkyl)Gly-Pro-OMe a mené à la formation d'aza-dicétopipérazines 
en tant que produit majoritaire (toutefois intéressantes structurellement). Afin de remédier à 
ces réactions secondaires, nous avons utilisé l'ester tert-butylique qui, par son 
encombrement stérique nous a permis de synthétiser l'aza(alkyl)Gly-Pro-OtBu sans trans-
estérification ni cyclisation intramoléculaire. La benzophenone hydrazone de 
l'aza(alkyl)Gly-Pro-OtBu a pu être déprotégée sélectivement soit en N-terminal soit en C-
terminal et ainsi valider son intérêt en tant que ''building block'' afin d'accéder à une variété 
d'azapeptides.  
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Finalement, l'insertion des cinq dérivés [aza-glycyl-, aza-(propargyl)glynicyl-, aza-
(allyl)glynicyl-, azaphénylalanyl- et aza-alanyl-proline] au sein du peptide parent 
(PDC113.824), synthétisés selon le cas par étape ou par fragment, a mené à deux nouveaux 
inhibiteurs allostériques du récepteur de la PGF2α. Ainsi l'aza-glycyl-proline et l'aza-
phénylalanyl-proline présentent les mêmes qualités de modulateur allostérique du récepteur 
de la PGF2α et donc la même structure tridimensionnelle active; soit un tour β que le 
PDC113.824. De plus, l'activité du peptide contenant l'azaphénylalanine-proline est 
identique à celle du PDC113.824 sur l'utérus de souris. 
Grâce à cette étude, nous avons donc élucidé le mode de fonctionnement du 
récepteur de la prostaglandine F2α et découvert une alternative à l'indolizidin-2-one comme 
mime de tour β, nous donnant ainsi accès à une nouvelle génération d'agents tocolytiques 
dont le mime contenant l'aza-phénylalanine-proline est le chef de file.  
Dans l'avenir, ces nouveaux peptides facilement accessibles, pourront ainsi nous 
servir d'outils afin d'étudier de manière plus approfondie le fonctionnement du récepteur de 
la prostaglandine F2α, mais également de déterminer le site de fixation allostérique au 
récepteur par synthèse d'un ligand radioactif et/ou photosensible. Par ailleurs, ces mimes 
sont actuellement étudiés pour être utilisés comme agents tocolytiques. 
  
 
 
 
 
Annexe 1: Élucidation des mécanismes intracellulaires 
du récepteur de la prostaglandine F2α . 
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ABSTRACT 
The prostaglandin F2α (PGF2α) receptor (FP) is a key regulator of parturition and a 
target for pharmacological management of preterm labor. However, an incomplete 
understanding of signaling pathways regulating myometrial contraction hinders 
development of improved therapeutics. Here we used a peptidomimetic inhibitor of 
parturition in mice, PDC113.824, whose structure was based on the N-terminal region of 
the second extracellular loop of FP receptor, to gain mechanistic insight underlying FP 
receptor-mediated cell responses in the context of parturition. We show that PDC113.824 
not only delayed normal parturition in mice but also that it inhibited both PGF2α- and LPS-
induced preterm labor. PDC113.824 inhibited PGF2α-mediated, Gα12-dependent activation 
of the Rho/ROCK signaling pathways, actin remodeling and contraction of human 
myometrial cells likely by acting as a non-competitive, allosteric modulator of PGF2α 
binding. In contrast to its negative allosteric modulating effects on Rho/ROCK signaling, 
PDC113.824 acted as a positive allosteric modulator on PGF2α-mediated PKC and 
ERK1/2 signaling. This bias in receptor-dependent signaling was explained by an increase 
in FP receptor coupling to Gαq, at the expense of coupling to Gα12. Our findings regarding 
the allosteric and biased nature of PDC113.824 offer new mechanistic insights into FP 
receptor signaling relevant to parturition, and also suggest novel therapeutic opportunities 
for the development of new tocolytic drugs. 
 
INTRODUCTION 
Premature birth due to preterm delivery is the most important cause of neonatal 
mortality and morbidity in industrialized countries (Joseph et al., 1998; McCormick, 1985). 
A common cause of preterm labor is a spontaneous increase in uterine contraction. 
However, little is known regarding the factors that either maintain uterine quiescence or 
initiate spontaneous uterine contraction. Pharmacological interventions that aim at 
preserving or inducing uterine quiescence remain the most attractive strategy for managing 
preterm labor to date. 
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Prostaglandins, whose synthesis is under the control of cyclo-oxygenases and 
specific prostaglandin synthases, play important roles during pregnancy and parturition 
(Makino et al., 2007; Olson, 2003). They are initiators of physiological labor and exert 
their effects through different G protein-coupled receptors (GPCRs). For instance, 
prostaglandin F2α (PGF2α) promotes myometrial contraction through activation of PGF2α 
(FP) receptors (Olson et al., 2003; Phillippe et al., 1997). Moreover, FP receptor null mice 
fail to deliver at term and are unresponsive to induced labor mediated by either PGF2α or 
the uterogenic hormone oxytocin (Sugimoto et al., 1998; Sugimoto et al., 1997). At the 
molecular level, activation of FP receptor leads to inositol phosphate accumulation, protein 
kinase C (PKC) activation, and intracellular calcium release, consistent with coupling of FP 
receptor to the Gαq family of G proteins (Davis et al., 1987; Ito et al., 1994; Jimenez de 
Asua et al., 1997; Pierce et al., 1997). Activation of FP receptor has also been shown to 
promote Rho-dependent reorganization of the cytoskeleton (Pierce et al., 1999). Both 
signaling pathways are believed to contribute to phasic and tonic myometrial smooth 
muscle contraction. However, their relative contributions to uterine tissue contraction 
during parturition remain poorly understood. Thus, a better comprehension of PGF2α-
mediated signaling mechanisms through FP receptor is not only essential to understanding 
parturition, but also for the potential development of drugs suppressing labor (tocolytics). 
At present, the use of tocolytics to delay preterm labor is often contraindicated due 
to significant maternal and fetal side effects (Pryde et al., 2004; Thornton et al., 2001). A 
new FP receptor ligand, PDC113, corresponding to a peptide derived from the sequence of 
the second extracellular loop of FP receptor (Fig. 1A), was recently reported to inhibit 
preterm labor in a mouse model (Peri et al., 2002). However, the exact mechanism 
underlying its action on myometrial contraction remained unclear. In refining PDC113 as a 
potential tocolytic compound specific for FP receptor with enhanced efficacy toward 
myometrial contraction, a peptidomimetic compound, PDC113.824, was synthesized (Fig. 
1B and Suppl. Fig. 1A). We used this compound to develop a better understanding of FP 
receptor signaling in the context of myometrial cell contraction and the regulation of 
parturition. We report here, that PDC113.824 is a potent tocolytic agent, selective for FP 
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receptor. Interestingly, our results suggest that this compound acts as a functional allosteric 
modulator for FP receptor as it exerts its effects at a site distinct from the orthosteric 
binding site, and further biases PGF2α-bound receptors toward increased Gαq-PKC-MAPK 
signaling, while blocking cell contraction and cytoskeleton reorganization through 
inhibition of the Gα12-Rho-ROCK signaling pathway.   
 
EXPERIMENTAL PROCEDURES 
Reagents- [3H]-PGF2α, [35S]-GTPγS and ECL are from Perkin Elmer. [125I]-
Angiotensin was labeled as described in (Speth et al., 2000). PGF2α is from Cayman. 
Rabbit polyclonal anti-Gαq (C-19) and anti-Gα12 (S-20) antibodies are from Santa Cruz. 
PD98059, Gö6983, LY294002 are from Calbiochem. Y27632 is from Ascent Scientific. C3 
exoenzyme is from Cytoskeleton. Fluor488-Phalloidin is from Molecular Probes. Type I rat 
collagen, oxytocin and angiotensin II (AngII) are from Sigma. Mouse monoclonal anti-p-
ERK and rabbit polyclonal anti-total ERK antibodies are from Cell Signaling. Puromycin is 
from Invivogen. MEM is from Hyclone. DMEM-F12, heat-inactivated fetal bovine serum 
(FBS) and gentamycin are from Invitrogen. Analytical RP-HPLC was performed on a C18 
Gemini column (5µ, 4.6 mm× 50 mm, flow rate 0.5 ml/min in 15 min) using a linear 
gradient from 20-80% of acetonitrile or methanol in water (each solvent containing 0.1% 
TFA). Elution products were detected at 214 nm. Boc-3-pyridylalanine is from GL-
Biochem Shanghai and other peptide mimic synthesis products, such as coupling reagents 
were purchased from Sigma. Boc-βPhe was synthesized from Boc-Phe according to an 
established method (Linder et al., 2002).  
DNA Constructs- Glu-glu-tagged (EE)-Gαq, GαqDN-EE (Q209L/D277N), Gα12-EE 
and pcDNA3.1+/FP receptor were obtained from the University of Missouri cDNA 
resource center (www.cdna.org). PKCβI-GFP receptor was from Dr. S. Ferguson 
(University of Western Ontario). Gα12 (Q231L/D299N) was obtained from Dr. G. Zamponi 
(University of Calgary). Raichu-RBD-1502 was obtained from Dr. M. Matsuda (Osaka 
University). pIRESP-HA-hFP receptor construct: The pIRES-Puro3 vector was digested 
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with NheI/BamHI and a PCR fragment containing hemagglutinin (HA) tag overlapped with 
pIRES-Puro3 sequence (FWD: 5’-CTAGCCACCATGGCTTACCCTTACGACGTGCCA 
GATTATGCCTGCGGATCCGGCGTTTAAAC-3’, RVS: 5’-GATCGTTTAAACGCCGG 
ATCCGCACAGATAATCTGGCACGTCGTAAGGGTAAGCCATGGTGG-3’) was 
digested with the same enzymes and inserted into pIRES-Puro3. The new construct was 
renamed pIRESP-HA. pIRESP-HA was linearized with BamHI and PCR-amplified FP 
receptor (from pcDNA3.1+/FP receptor. FWD: 5’-TTATGCCTGCGGATCCTCCATGAA 
CAATTCCAAACAGC-3’, RVS: 5’-TTTAAACGCCGGATCCTAGGTGCTTGCTGATT 
TCTCTG-3’) was introduced by recombination, according to manufacturer instructions (In-
Fusion PCR cloning kit, Clonetech). All clones were verified by bidirectional sequencing. 
 
FP receptor antibody generation- The peptide corresponding to the first 
extracellular loop of FP receptor was synthesized by FMOC synthesis with >95% purity 
(Biosynthesis, Lewisville, TX) and included an additional residue (cysteine) at the amino 
terminus (NH2-CSMNNSKQLVS-COO). The cysteine-containing peptide was conjugated 
to the sulfhydryl-reactive carrier protein keyhole limpet hemocyanin (KLH) (Pierce, 
Rockford, IL). The KLH-conjugated peptide in complete Freund’s adjuvant (Pierce) was 
injected intraperitoneally and subcutaneously (total 25 µg, in 100 µl) in female BALB/c 
mice. Subsequent immunizations were performed every 10–13 days with KLH-conjugated 
peptide in PBS. Serial dilutions of mouse serum were screened for reactivity using a solid-
phase enzyme-linked immunosorbent assay (ELISA), testing the original peptide 
(unconjugated). Several other peptides or BSA were used as negative controls (not shown). 
Four days after the last immunization, splenocytes were fused with SP2/0 mouse myeloma 
cells following established protocols. Hybridoma supernatants were screened by ELISA 
against unconjugated peptide or controls as above. Supernatants were further screened for 
binding to cell surface FP receptor by FACScan assays, using live HEK293 cells stably 
transfected with FP receptor or parental HEK293 cells as a background control. Wells 
containing hybridomas secreting monoclonal antibodies reactive to FP receptor were sub-
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cloned twice by limiting dilution and expanded for monoclonal antibody purification. The 
hybridoma line producing antibody 3E12/2B2 was used in this study.  
Cell culture and transfection- A stable HEK293 cell line expressing the human FP 
receptor was generated by transfection with pIRESP-HA-hFP receptor. Stable lines were 
selected in 0.7 µg/ml puromycin. All HEK293-derived cell lines were grown at 37°C in 5% 
CO2 in MEM supplemented with 10% (v/v) heat-inactivated FBS and gentamycin 
(100 µg/ml). hTERT-C3 myometrial cells were grown in DMEM-F12 as described 
previously (Devost et al., 2007). For transient transfection, cells seeded at a density of 
1x106 cells per 100-mm dish or 1x105 per well in a 6-well plate, were transfected using a 
conventional calcium phosphate co-precipitation method. All experiments were performed 
48 h post-transfection.  
Ligand binding experiments- For binding experiments, 100 µg of HEK293 cells 
stably expressing HA-FP receptor were incubated with 105 cpm of [3H]-PGF2α (150-240 
Ci/mmol) in the presence of either vehicle (EtOH, 0.01% v/v), 1 µM cold PGF2α, 10 µM 
AL-8810, 1 or 10 µM PDC113.824 for 1 h at RT in 0.5 ml of binding buffer (described 
previously (Peri et al., 2002)). Potential allosteric interactions were detected using 
radioligand dissociation assays. Dissociation of [3H]-PGF2α was measured as follows: FP 
receptor cells (100 µg) were pre-incubated with 105 cpm [3H]-PGF2α with or without 1 µM 
PDC113.824 in a total volume of 0.4 ml of binding buffer for 60 min. Ligand dissociation 
was then initiated by the addition of 1 µM cold PGF2α for different times. Non-specific 
binding was determined by addition of 1 µM PGF2α for 90 min. Binding was stopped by 
addition of 2 ml cold Tris-HCl 50 mM pH 7.4 and cells were filtered on GF/B-filters. 
Incorporated radioactivity was measured by liquid scintillation spectrometry.     
[35S]-GTPγS loading studies- FP receptor cells were co-transfected with EE-
tagged-Gαq or -Gα12. On the day of the experiment, cells were serum starved prior to 
treatment with or without 0.5 µM PDC113.824 at 37ºC for 30 min. Cells were collected in 
ice-cold buffer (10 mM Tris-HCl pH 7.4, 5 mM EDTA) and homogenized on ice by 20 
strokes with a Teflon potter. The homogenate was centrifuged at 23 000x rpm at 4ºC and 
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resuspended in TME buffer (50 mM Tris-HCl pH 7.4, 2 mM EDTA, 4.8 mM MgCl2, 100 
mM NaCl). GDP (final concentration of 1 µM) was added to 50 µg of membranes and 
incubated on ice for 10 min. The reaction was moved to 30ºC and incubated for 5 min 
before the addition of [35S]-GTPγS (1,250 Ci/mmol) to a final concentration of 5 nM. 
PGF2α was added 30 sec later and the reaction was allowed to proceed for 5 min. 
Reactions were stopped with cold IP buffer (50 mM Tris-HCl pH 7.5, 20 mM MgCl2, 150 
mM NaCl, 0.5% NP-40, protease inhibitors, 100 µM GDP and GTP) and membranes were 
solubilised for 30 min at 4ºC. To immunoprecipitate specific complexes, 1.2 µg of anti-Gαq 
(clone C-19, Santa Cruz) or anti-Gα12 (clone S-20, Santa Cruz) antibodies were added for 2 
hrs at 4ºC. Protein G-agarose beads were added and incubated for an additional 60 min at 
4ºC. Beads were then washed three times with IP buffer and incorporated 35S-GTPγS was 
measured by liquid scintillation spectrometry. 
PKCβI-GFP translocation- FP receptor cells co-transfected with PKCβI-GFP were 
serum-starved for 30 min and pre-treated with vehicle (water) or PDC113.824 (2 µM) for 
30 min followed by treatment with increasing concentrations of PGF2α (from 10-11 to 10-
7M) for 10 min each. Images were collected every 30 sec using live-cell microscopy at 
37ºC on a Zeiss LSM-510 Meta laser scanning microscope equipped with XL-3 
temperature chamber with a 63X glycerol/water immersion lens in single track mode using 
excitation at 488 nm for GFP and emission measured with the LP505 filter set. 
Translocation was determined by calculating the fluorescence level at the membrane (area 
under the curve) divided by the fluorescence level in the cytosol, using Metamorph 
(Universal Imaging Corporation). 
Cell ruffling and immunofluorescence studies- FP receptor cells were plated on 
cover slips. For dominant negative Gα12, Gα12(Q231L/D299N) was transfected 48 hrs prior 
to experiment. Cells were serum starved for 30 min and pre-treated or not with either 0.1 or 
1 µM PDC113.824 or the following pharmacological inhibitors: MEK1/2 (PD98059, 1 
µM), PI3K (LY294002, 1 µM), PKC (Gö6983, 1 µM), Rho kinase (Y27632, 1 µM) for 30 
min at 37ºC or with Rho inhibitor (C3 exoenzyme, 1 µg/mL) for 4 hrs at 37ºC. Cells were 
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then stimulated with 1 µM PGF2α for 20 min, fixed with 4% paraformaldehyde (PFA), and 
stained with Fluor488-Phalloidin. Nine fields (50-75 cells/field) per cover slip were 
quantified to assess cellular ruffling. For FP receptor labeling, PFA-fixed myometrial or FP 
receptor cells were incubated with mouse-anti-FP receptor (clone 3E12/2B2) for 90 min 
prior to applying goat-anti-mouse Alexa488-coupled secondary antibody for an extra 60 
min.  
Raichu-Rho binding domain experiments- The Raichu-RBD probe was used as 
described previously (Itoh et al., 2002). Briefly, Raichu-RBD is composed of a YFP moiety 
in the N-terminal domain (m2Venus), a central Rho-binding domain (RBD) of Rhotekin 
and a CFP moiety in the C-terminal domain. FP receptor or AT1R cells were plated on 35-
mm microscopy dishes at a density of 50,000 cells. 24 hrs later, cells were transfected with 
Raichu-RBD alone or co-transfected with Gα12DN. 48 hours later, cells were serum starved 
for 30 min, pre-treated or not with PDC113.824 (1 µM) for 30 min or C3 exoenzyme (1 
µg/ml) for 3-4 hours, followed by stimulation with 1 µM PGF2α for 25 min. Images were 
collected every 30 sec for the first 6 min, then every minute until 12 min, and at 15, 20 and 
25 min using live-cell microscopy at 37ºC on a Zeiss LSM-510 Meta laser scanning 
microscope as described above with excitation at 405 nm for CFP and the FRET channel, 
514 nm for YFP and with emission measured with BP420-480 for CFP and BP530-600 for 
YFP and FRET. Energy transfer efficiency between the CFP (donor) and YFP (acceptor) 
was determined by calculating the ratio of the YFP over CFP fluorescence from three 
different regions of each cell, and corrected for background signal using Metamorph. FRET 
images were translated into colored gradient images using Rainbow2 visualization in Zen 
Light software (Zeiss). This function translates each pixel of the image into intensity values 
and reports them using a color code. 24-36 cells/condition were quantified in five to eight 
independent experiments. 
Collagen contraction assay- Collagen contraction assays were performed as 
described previously (Devost et al., 2007). Briefly, 14,000 to 17,500 hTERT-C3 
myometrial cells were plated in DMEM/F12 in 0.5% (v/v) FBS on the collagen lattice and 
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left for 2hrs at 37°C. Cells were then pre-treated with either vehicle, C3 exoenzyme (1 
µg/ml) or PDC113.824 (2 µM) for 2 hrs. To allow contraction, each collagen lattice was 
detached from the bottom of the well with a small spatula and left overnight at 37°C in the 
absence or presence of 1 µM PGF2α or oxytocin. Contraction was stopped by fixing 
lattices in PBS with 4% PFA. The plate containing collagen lattices was then photographed 
using the Alpha Imager System. Percentage of contraction of collagen lattices was then 
calculated using Metamorph, using the following equation: % contraction = 100 – (area of 
lattice *100 / area of the well). 
Murine preterm labor models and ex vivo myometrial contraction assay- Timed-
pregnant CD-1 mice at 16 days gestational (normal term is 19.2 days) were anesthetized 
with isoflurane (2%). Primed osmotic pumps (Alzet pump, Alzet, Cupertino, CA) 
containing either saline or PDC113.824 (10 mg/day/animal) were subcutaneously 
implanted on the backs of the animals; infusion of PDC113.824 was immediately preceded 
by bolus injection of PDC113.824 (0.1 mg/animal i.p.). Within 15 min after placement of 
the pumps, animals were injected with PGF2α or lipopolysaccharide ([LPS] E. coli 
endotoxin, 50 µg/animal i.p.) to mimic the inflammatory/infectious component of human 
preterm labor. In a separate group of animals PGF2α or LPS was injected 4 to 7 hrs prior to 
administration of PDC113.824. Animals were inspected every hour for the first 18 hrs and 
every 2 h thereafter to document the timing of birth. All experiments were approved by the 
Animal Care Committee of CHU Sainte-Justine (Montreal, QC, Canada). Ex vivo 
myometrial contraction assay was performed as previously described (Peri et al., 2002). 
Briefly, uteri from mice were obtained from animals immediately following term delivery. 
Myometrial strips (2 to 3-mm wide and 1 to 2-cm long) from both were suspended in organ 
baths containing Krebs buffer equilibrated with 21% oxygen at 37°C with an initial tension 
at 2 g. After 1 hr of equilibration, changes in mean basal tension, as well as peak, duration 
and frequency of spontaneous contraction in the absence or presence of PGF2α and 
PDC113.824 were recorded with a Kent digital polygraph system.  
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Statistical analysis- Statistical tests were performed with GraphPad Prism 4.3 
software. Assumptions of normality and equal variance were met for all data analyzed. 
One-way analysis of variance (ANOVA) with Dunnett’s correction was used in Figs. 3B, D 
(comparing all results to vehicle treatment), 5B, E (comparing all results to PGF2α 
treatment) and Suppl. Fig. 2. Two-way ANOVA with repeated measures was used in Fig. 
8E, F with Bonferroni correction. Independent t-tests were used in Figs. 2C, 2E, 4C, 6B-D, 
8A and 9A-F, to compare between vehicle and PDC113.824. One-sample t-test (Figs. 4A, 
4D, 7A and 9C-F) was used when the data was normalized and basal levels were 
considered in respect to the hypothetical value (1 or 100). Fisher’s exact test was used in 
Fig. 2A, B and D. A 2-tailed p-value less than 0.05 was considered significant. All results 
are expressed as mean ± standard error (SEM). Sample size (n) and P-values are given in 
the figure legends.   
 
RESULTS 
Design and optimization of the peptidomimetic PDC113.824. Conversion of the 
PDC113 sequence (ile-leu-gly-his-arg-asp-tyr-lys) into the peptide mimic (Fig. 1 and 
Suppl. Fig. 1A) involved, in brief, a systematic analysis of the sequence using alanine and 
enantiomeric amino acid scans, which highlighted the importance of the Arg and Asp side-
chains; replacement of the hydrophobic termini with hydrocarbon pharmacophores and the 
Gly-His residue by different indolizidinone turn mimics (Bourguet et al., 2009; Cluzeau et 
al., 2005; Hanessian et al., 1997; Lombart et al., 1996); and refinement near the Arg-Asp 
residue using different amino acid substitutions to arrive at the pyridylalanine-β-
homophenylalanine surrogate. 
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FIGURE 1. Structures of A. PDC113 peptide (ilghrdyk) and B. PDC113.824. 
The 3-phenylacetamido indolizidin-2-one 9-carboxyl and the pyridylalanyl-β-
homophenylalanine sections of PDC113.824 (Fig. 1B) are thus believed to mimic the active 
β-turn geometry about the Gly residue and the signaling pharmacophore of the Arg-Asp-
Tyr triad in the parent peptide, respectively. 
Tocolytic effects of PDC113.824 in normal and preterm labor models. We first 
verified that the peptide mimetic, PDC113.824 acted as a tocolytic agent in vivo in normal 
parturition. Mice near term (gestational day 17.5) were treated or not with PDC113.824 and 
delivery was assessed in the animals (Fig. 2A). Results showed that PDC113.824 
significantly delayed delivery compared to untreated animals who all delivered at term (day 
19). Indeed, at day 19 only 50% of PDC113.824-treated animals had delivered. Delivery of 
all PDC113.824-treated animals was delayed to day 20.   
We also tested if PDC113.824 would also block provoked preterm labor using 
lipopolysaccharide (LPS), known to promote a general inflammatory state which results in 
prostaglandin synthesis and induce premature delivery (Peri et al., 2002). Results showed 
that for all the animals tested, delivery occurred within 12 hours following LPS injection 
into mice at gestational day 16 (Fig. 2B, C). Pretreatment with PDC113.824 prior to LPS 
injection significantly delayed delivery, such that by gestational day 17, only 20% of 
treated animals delivered. As was the case for normal term delivery (e.g. saline treatment), 
PDC113.824-treated mice did not deliver until day 19 even when treated with LPS. Hence, 
PDC113.824 significantly extended the average time of delivery following LPS treatment 
by approximately 20 hours as compared to untreated animals (Fig. 2C). We also verified 
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whether PDC113.824 interfered specifically with PGF2α-induced labor. Animals were 
treated or not with PDC113.824 prior to injection with PGF2α at gestational day 15.5 (Fig. 
2D). All PGF2α-treated animals delivered rapidly by 2 hours post-injection. Again, 
PDC113.824 treatment markedly delayed delivery in PGF2α-injected animals, as around 
40% of the animals had delivered by day 16-17 post-injection (Fig. 2D). Accordingly, the 
mean time of delivery was significantly increased in the presence of PDC113.824 (Fig. 2E).  
 
FIGURE 2. Tocolytic action of PDC113.824 in LPS- and PGF2α-induced preterm 
labor in mice. A. Effects of PDC113.824 on duration of gestation terminated by 
spontaneous labor. Pregnant mice were treated with PDC113.824 (10 mg/kg/day) starting on 
day 17.5 of gestation. B & D. Percentage of animals delivered following injection of LPS 
(B, 1.65 mg/kg by intraperitoneal injection) or PGF2α (D, 3.3 mg/kg, intraperitoneal) in the 
presence or absence of PDC113.824 (10 mg/kg/day). Control mice were injected with 
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saline. Although bars are presented at 12, 15-24 hrs and 24-48 hrs for saline-injected 
animals, no mice delivered before term (72 hrs or day 19). Hours refers to time of delivery 
following LPS or PGF2α treatment. C & E. Average delivery time after LPS (C) or PGF2α 
(E) treatment in the presence or absence of PDC113.824. Days (D) refers to gestational age. 
Values are presented as mean ± SEM (C & E). Data are representative of 5-6 animals per 
treated group, other than n=18 for the saline-injected animals. *p<0.05, compared to saline-
treated. 
To ensure that the observed labor-delaying effect of our synthetic tocolytic was 
mediated through its actions on the uterus, and to dissociate its potential effects on 
luteolysis, which would decrease levels of the natural tocolytic progesterone produced in 
the ovary (Sugimoto et al., 1997), we isolated myometrium from spontaneous post-partum 
mice and assessed the direct effects of PDC113.824 on spontaneous- and PGF2α-induced 
contraction (Suppl. Fig. 2). Results showed that PDC113.824 significantly reduced both the 
strength and duration of both PGF2α-induced and spontaneous myometrial contraction in a 
dose-dependent manner, consistent with the increased expression of FP in the uterus during 
labor which occurs even in rodents (Olson et al., 2003). Taken together, our results suggest 
that PDC113.824 delays both term and preterm labor, at least in part through the inhibition 
of uterine contraction. 
PDC113.824 negatively modulates PGF2α-mediated myometrial cell contraction 
and Rho/ROCK signaling. The putative inhibitory effects PDC113.824 on PGF2α-
mediated contraction were next examined in myometrial cells. Human myometrial smooth 
muscle cells (hTERT-C3) were used as they have been previously shown to respond to 
uterotonic factors and to retain their contractile properties (Devost et al., 2007). As a 
prelude to these experiments, the expression of endogenous FP receptor in these cells was 
confirmed using a monoclonal antibody raised against the receptor (clone 3E12/2B2; Fig. 
3A). Antibody labeling was shown to be specific for FP, receptor since immunofluorescent 
signals were not detected in HEK293 cells, which do not express endogenous FP receptor, 
but were detected at the cell surface in HEK 293 cells transfected with FP receptor. Strong 
labeling of FP receptor at the cell surface was also detected in myometrial cells (Fig. 3A). 
We also quantified the levels of endogenous FP receptor at the plasma membrane in 
myometrial cells using [3H]-PGF2α binding studies (Fig. 3B). Both PGF2α and the 
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selective FP receptor antagonist AL-8810 displaced bound [3H]-PGF2α from myometrial 
cells and FP receptor expression was approximately 5-10 fmol/mg of total protein. 
 
FIGURE 3. PDC113.824 inhibits PGF2α-induced cellular contraction in myometrial 
cells. A. Confocal images of FP receptor staining on hTERT-C3 myometrial cells using a 
mouse monoclonal anti-FP antibody (clone 3E12/2B2). Top left: FP receptor staining in 
stably expressing FP receptor cells, bottom left: labeling in naïve HEK293 cells. Top right: 
FP receptor in hTERT-C3 cells, bottom right: labeling with secondary antibody alone. 
Scale bar represents 10 µm. B. Specific binding of [3H]-PGF2α to myometrial cells 
incubated with: vehicle (binding buffer), 10 µM AL-8810 or 10 µM PGF2α. C. Images of 
collagen lattice contraction following pre-treatment with vehicle, PDC113.824 (PDC) or C3 
exoenzyme (C3) and subsequent PGF2α or oxytocin (OT) stimulation. White dashed lines 
depict the area used to quantify contraction. D. Quantification of contraction from cells 
with different pretreatments, followed by agonist stimulation. Results are representative of 
at least three independent experiments. *p<0.05, **p<0.01 compared to vehicle. 
Next, PGF2α and PDC113.824 regulation myometrial cell contraction was tested in 
vitro using a cell-induced collagen lattice contraction assay (Fig. 3C). Cells were layered on 
top of collagen and grown for a period of 16 hours, which resulted in a decrease in the 
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diameter of the collagen matrix due to self-contraction of the cells. Addition of PGF2α 
further increased contraction of hTERT-C3 cells. PDC113.824 alone had no effect on 
hTERT-C3 contraction per se. On the other hand, it inhibited PGF2α-mediated cell 
contraction responses (Fig. 3C and D). Moreover, PDC113.824 exhibited no effect on the 
myometrial contraction induced by a distinct uterotonic agent, oxytocin (Fig. 3D, OT), 
demonstrating the specificity of the action of the compound for FP receptor. Since the 
contractile function of FP receptor on smooth muscle has been shown to involve Rho-
kinase activation (Ito et al., 2003; Schaafsma et al., 2004), we also verified its contribution 
on myometrial cell contraction. As shown in Fig. 3C and D, both basal and agonist-induced 
cell contractions were dependent on Rho GTPase activation, as C3 exoenzyme blocked 
both responses.   
To assess how PGF2α-dependent activation of Rho was regulated by PDC113.824, we next 
used a biosensor for Rho activation expressed in HEK293 cells, as these cells are 
considerably easier to transfect than myometrial cells. We first characterized the binding 
properties of FP receptor in these cells by stably expressing HA-tagged receptors (thereafter 
referred to as FP receptor cells, see Experimental Procedures). No specific [3H]-PGF2α 
binding to untransfected cells was detected (Fig. 4A, inset). However, radiolabeled PGF2α 
binding on FP receptor expressing cells was robustly displaced by both unlabelled PGF2α 
as well as AL-8810 (Fig. 4A). The effect of PDC113.824 on [3H]-PGF2α binding was also 
tested in these cells. PDC113.824, at concentrations that inhibited myometrial contraction 
(1µM) or higher (10µM), displaced no more than 15% of PGF2α binding to the FP 
receptor. 
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FIGURE 4. PGF2α-mediated Rho activation is inhibited by PDC113.824. A. Binding of 
[3H]-PGFα to FP receptor cells in the presence of 1 µM PGF2α, 10 µM AL-8810, 1 µM or 
10 µM PDC113.824. Inset: HEK293 cells transfected with pcDNA3.1 were incubated with 
[3H]-PGFα alone or with 1 µM unlabelled PGF2α. B & C. FP receptor cells were 
transfected with Raichu-RBD and pre-treated or not with 1 µM PDC113.824, followed by 
PGF2α stimulation. FRET signals were recorded as described in Experimental Procedures 
and represented as pseudocolour changes (B), or quantified by calculating the YFP/CFP 
intensity ratio (C, D). C. YFP/CFP ratio with or without pre-treatment with PDC113.824 in 
a time-course of stimulation using PGF2α. D. YFP/CFP ratio on FP receptor or AT1R 
expressing cells following different treatments. NT: untreated cells; C3 exo or Gα12DN: 
cells were pre-treated with C3 exoenzyme for 4 hrs or co-transfected with Gα12DN 
(Q231L/D299N) followed by stimulation with PGF2α for 25 min. Scale bar represents 10 
µm. Results are representative of six (A), eight (B, D left panel) and five (D right panel) 
independent experiments. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 compared to not 
treated. 
Rho family GTPases are known FP receptor effectors (Pierce et al., 1999), whose 
activities can be regulated by Gα12/13 (Buhl et al., 1995). Using FP receptor cells, we next 
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tested PGF2α-dependent activation of Rho GTPases by imaging the fluorescent FRET-
based biosensor Raichu-RBD, which consists of the RhoA binding domain (RBD) of 
Rhotekin flanked by the FRET pair YFP and CFP (Itoh et al., 2002). Under basal 
conditions, intra-molecular interaction of YFP and CFP in the Rho biosensor generated a 
detectable FRET signal (Fig. 4B). Binding of endogenous, activated GTP-bound Rho to 
this biosensor following FP receptor stimulation induced a decrease in FRET signal. 
Although PDC113.824 alone had no effect on Rho activation (data not shown), the 
response to PGF2α stimulation was decreased in its presence (Fig. 4B). Quantification of 
the FRET signal was assessed by measuring changes in the YFP/CFP emission ratio (Itoh 
et al., 2002; Nakamura et al., 2006) and revealed a time-dependent, agonist-mediated 
activation of Rho (Fig. 4C, i.e. decrease in FRET signal). PGF2α-stimulated Rho activity 
was greatly reduced at all time points in the presence of PDC113.824. PGF2α-mediated 
activation of Rho, like contraction in myometrial cells was sensitive to C3 exoenzyme (Fig. 
4D).  
We next assessed the contribution of Gα12 in Rho activation by expressing a 
dominant negative version of this G alpha subunit (Gα12DN, Q231L/D299N, Fig. 4D, left 
panel). An inhibition of FP receptor-mediated Rho activation was observed in a cell line 
expressing the Gα12DN. This response was specific to FP receptor since PDC113.824 had 
no significant effect on the angiotensin II (AngII) type 1 receptor (AT1R), another GPCR 
known to activate Rho (Aoki et al., 1998) (Fig. 4D, right panel). 
 Rho GTPases can engage downstream targets including the protein kinase ROCK 
(Fujisawa et al., 1996), as well as promoting actin cytoskeletal rearrangement (Jaffe et al., 
2005). We therefore assessed the effect of PGF2α and PDC113.824 on reorganization of 
the actin cytoskeleton manifested by membrane ruffling using phalloidin staining. Cell 
ruffling, as characterized by morphologic rounding of cell edges, was detected after 5 
minutes of PGF2α stimulation (Fig. 5A) and persisted for more than 60 minutes (data not 
shown). This response was dependent on FP receptor-mediated activation of Gα12, because 
co-expression of Gα12DN strongly inhibited PGF2α-induced cell ruffling (Fig. 5B). Pre-
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treatment of cells with PDC113.824 again had a significant inhibitory effect on PGF2α-
mediated cell ruffling (Fig. 5D and E), while treatment of cells with either selective Rho 
GTPase (C3 exoenzyme) or ROCK (Y27632) inhibitors, both blocked completely PGF2α-
mediated cell ruffling (Fig. 5C and E).  
 
FIGURE 5. Cell ruffling induced by PGF2α  through the Gα12-Rho-Rock pathway is 
inhibited by PDC113.824. A. Representative phalloidin-staining images of cells stimulated 
or not with PGF2α showing cell ruffling. B & C. Effect of Gα12DN (B) and different 
inhibitors (C) on PGF2α-induced cell ruffling. Cells stably expressing FP receptor were 
transfected with Gα12 (Q231L/D299N) (B) or pre-treated with Y27632 (1 µM), C3 
exoenzyme (1 µg/mL), PD98059 (1 µM) or Gö6983 (1 µM) (C) and then stimulated with 1 
µM PGF2α. D. Cell ruffling in FP receptor cells that were pre-treated with either vehicle or 
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PDC113.824 (0.1 or 1 µM) and stimulated with 1 µM PGF2α. E. Quantification of the cell 
ruffling shown in C and D. Fluorescence was examined by confocal microscopy and 
ruffling was quantified using 350 to 500 cells/condition/experiment. Scale bar represents 15 
µm. Results are representative of at least three independent experiments. **p<0.01, 
compared to PGF2α-treated cells. 
We also assessed the potential involvement of other signaling pathways downstream 
of the FP receptor on cell ruffling. Treatment of cells with selective inhibitors for PKC 
(Gö6983) or phosphatidyl-inositol 3-kinase (LY294002; data not shown) had no effect on 
membrane ruffling. The extent to which ERK1/2 MAPKs were involved in regulating cell 
ruffling was assessed, since they have been proposed to modulate Rho signaling (Pullikuth 
et al., 2007). Treatment of cells with the MEK1 inhibitor (PD98059) blocked only weakly 
PGF2α-mediated cell ruffling (Fig. 5E). Taken together our results suggested that 
PDC113.824 acts as an allosteric modulator of FP receptor-mediated myometrial 
contraction and cytoskeletal reorganization through inhibition of the Rho/ROCK signaling 
pathway. 
Potentiation of FP receptor-mediated PKC and MAPK signaling by PDC113.824. 
Since our results suggested that PDC113.824 acts as a negative allosteric modulator (NAM) 
of the Rho/ROCK signaling pathway, we investigated whether it also antagonized other FP 
receptor-mediated signaling pathways. As FP receptor has been shown to promote ERK1/2 
activation (Chen et al., 2001), we next tested PDC113.824 effects on PGF2α-mediated 
MAPK activation. PGF2α-dependent stimulation of FP receptor cells resulted in a time-
dependent increase in ERK1/2 activation that reached maximal levels following 5 to 15 
minutes of agonist stimulation (Fig. 6A, top panel). However, PDC113.824 alone had no 
effect on the ERK1/2 response (Fig. 6A, bottom panel). Rather than inhibiting PGF2α-
dependent activation of ERK1/2, the treatment of cells with PDC113.824 potentiated the 
response. Pretreatment with PDC113.284 significantly augmented the activation of ERK1/2 
induced by PGF2α,  increasing both the efficacy and potency of the response by two-fold 
(Fig. 6B, EC50vehicle = 0.19 nM vs. EC50PDC113.824 = 0.10 nM). The effects of 
PDC113.824 on MAPK activation were again FP receptor-specific, since AngII-induced 
ERK1/2 activation in AT1R cells was not affected by pre-treatment with the 
xxi 
 
 
peptidomimetic (Fig. 6C; EC50vehicle = 11.1 nM vs. EC50PDC113.824 = 16.8 nM). This 
effect of PDC113.284 on PGF2α-dependent activation of ERK1/2 was also recapitulated in 
myometrial cells, as it potentiated the response by 1.5-fold relative to that of cells 
stimulated with PGF2α alone (Fig. 6D).  
 
FIGURE 6. PDC113.824-mediated increase of PGF2α-dependent ERK1/2 activation. A. 
Effect of PGF2α and PDC113.824 on ERK1/2 MAPK activation. FP receptor cells were 
serum-starved for 30 min prior to treatment for various times with either PGF2α (1 µM, top 
panel) or PDC113.824 (2 µM, bottom panel). Cell lysates were analyzed by western blot 
using anti-phospho ERK and anti-total ERK antibodies. + denotes a control condition for 
MAPK activation from cells only stimulated with PGF2α (1 µM, 5 min.). B-D. Effect of 
PDC113.824 on MAPK activation induced by PGF2α in FP receptor cells (B), by AngII in 
AT1R cells (C), by PGF2α in hTERT-C3 myometrial cells. Cells were treated with 2 µM 
PDC113.824 for 30 min and then stimulated with increasing concentrations of PGF2α (B) 
or AngII (C) for 2 min or PGF2α for 5 min (D). Signals were quantified by densitometry 
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and plotted in dose-response curves as fold over basal (i.e. not treated) activation versus 
PGF2α concentration. Results are representative of three (A) six (B), seven (C) and four 
(D) independent experiments. **p<0.01, ***p<0.001. 
Since PDC113.824 treatment increased PGF2α-dependent activation ERK1/2, we also 
investigated the extent to which MAPK signaling contributed to myometrial cell 
contraction inhibition. As shown in Fig. 7A, pre-treatment of cells with PD98059, caused 
no significant effect on PGF2α-mediated cell contraction. Consistent with the notion that 
FP receptor-dependent activation of Rho and MAPK are two independent signaling 
pathways, the inhibition of Rho with C3 exoenzyme did not affect ERK1/2 activation in FP 
receptor cells (Fig. 7B). 
 
FIGURE 7. PGF2α-induced cellular contraction and ERK1/2 activation are 
independently regulated. A. Effect of the MEK inhibitor, PD98059 on myometrial cell 
contraction. Left panel: hTERT-C3 cells were pre-treated with 10 µM PD98059 for 2 hrs 
prior to treatment with 1 µM PGF2α for 18 hrs. Quantification of myometrial cell 
contraction was calculated as in Fig. 3. Right panel: Representative images of collagen 
lattices used for quantification. B. Effect of C3 exoenzyme on PGF2α-mediated ERK1/2 
activation. FP receptor cells were serum-starved for 30 min prior to pre-treatment with 1 
µg/ml of C3 exoenzyme for 4 hrs. Cells were then treated with PGF2α (1 µM) for indicated 
times. Cell lysates were analysed by western blot using anti-phospho ERK and anti-total 
ERK antibodies. Bands were quantified by densitometry. Results are representative of four 
independent experiments. ***p<0.001 compared to DMSO or PD alone. 
For Gαq-coupled receptors like the FP receptor, activation of ERK1/2 can be 
mediated through activation of PKC. As shown in Fig. 8A, treatment of FP receptor-cells 
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with the PKC inhibitor Gö6983 totally prevented PGF2α-dependent activation ERK1/2. 
Thus, we also tested whether PDC113.824 potentiated PGF2α-dependent activation of 
PKC by measuring PKCβI-GFP recruitment to the plasma membrane (Fig. 8B and C).  
 
FIGURE 8. PDC113.824 is a positive modulator of PGF2α-induced PKC activation. A. 
Effect of PKC inhibitor Gö6983 on PGF2α-mediated ERK1/2 activation. FP receptor cells 
were serum-starved for 30 min prior to pre-treatment with 1 µM of Gö6983 for 30 min. 
Cells were then treated with PGF2α (1 µM) for indicated times. Cell lysates were analysed 
by western blot using anti-phospho ERK and anti-total ERK antibodies. Bands were 
quantified by densitometry. B & C. Quantification of PKC translocation using FP cells 
transiently transfected with PKCβI-GFP (see Experimental Procedures). Fluorescence 
intensity as a function of the pixel distance (C) is taken from a line crossing the cell (B). D. 
Images obtained by confocal microscopy showing translocation of PKCβI-GFP to the cell 
membrane following PGF2α and PDC113.824 treatment. E & F. Quantification of the 
PKCβI-GFP translocation in FP receptor cells (E) or AT1R cells (F). Cells were serum-
starved for 30 min, treated either with vehicle (water) or PDC113.824 (2 µM) for 30 min 
and then stimulated with increasing concentrations of PGF2α or AngII. Scale bar represents 
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10 µM. Results are representative of four (A) five (B-E) or three (F) independent 
experiments. *p<0.05, **p<0.01, ***p<0.001. 
PKC recruitment to the plasma membrane following PGF2α stimulation of FP 
receptor cells was evident at concentrations of 1nM agonist (Fig. 8B and D); while 
treatment of the cells with PDC113.824 alone had again no effect (Fig. 8D). Quantification 
of this response revealed a dose-dependent increase in PKC activation upon PGF2α 
stimulation, with an EC50 of 2.5 nM (Fig. 8E, vehicle). Pre-treatment of cells with 
PDC113.824 prior to stimulation with PGF2α resulted in a two-fold increase in the efficacy 
of the response as well as a two-fold left shift in the potency of PKC recruitment 
(PDC113.824, EC50 = 1.17 nM; Fig. 8E). The specificity of PDC113.824 for FP receptor 
was again demonstrated, as it had no effect on AngII-dependent PKC activation (Fig. 8F). 
Together, these results suggest that PDC113.824 acts as positive allosteric modulator 
(PAM) on the PKC-MAPK signaling pathway induced by PGF2α. 
PGF2α-mediated G protein coupling to FP receptor is differentially regulated by 
PDC113.824. Our ligand binding experiments suggested that PDC113.824 allosterically 
regulates FP receptor binding to PGF2α and/or its coupling to G proteins. Allosteric 
modulators are known to affect the off-rate of ligand binding to the orthosteric site on 
receptors (Kostenis et al., 1996; Lanzafame et al., 2004). We first investigated how 
PDC113.824 affected PGF2α binding to FP receptor by measuring the kinetics of 
dissociation of PGF2α. Upon exposure to excess cold agonist, the dissociation rate of [3H]-
PGF2α in the presence of PDC113.824 was increased by more than 1.5-fold as compared 
to control treatment with vehicle (Fig. 9A). On the other hand, no significant effect of 
PDC113.824 was observed on binding off-rates for AT1R (Fig. 9B).  
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FIGURE 9. PDC113.824 allosterically modulates PGF2α  binding to FP receptor and 
biases coupling to Gαq and Gα12. A & B. Assay to measure dissociation kinetics of [3H]-
PGF2α binding to FP receptor cells (A) or AT1R cells (B). Cells were incubated with [3H]-
PGF2α (A) or [125I]-AngII (B) alone (vehicle) or with 1 µM PDC113.824 for 1 hr at RT. 
Loss of radioligand binding to FP receptor or AT1 receptor cells was monitored over time 
following the addition of 1µM cold PGF2α (A) or AngII (B). Inset: (A) Half-life of [3H]-
PGF2α in presence of vehicle, 2.83 ± 0.34 min vs 1.79 ± 0.14 min for PDC113.824, p = 
0.031 compared to vehicle (B) Half-life of [125I]-AngII in presence of vehicle or 
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PDC113.824. C-F. PGF2α- or AngII-mediated [35S]-GTPγS binding to Gαq (C, E) and 
Gα12 (D, F) in FP receptor (C, D) or AT1 receptor cells (E, F). Cells transfected with either 
Gαq-EE or Gα12-EE were serum starved for 15 min at 37ºC prior to treatement with vehicle 
or with 0.5 µM PDC113.824 for 20 min. Membranes were then prepared and incubated 
with [35S]-GTPγS, and either left unstimulated (-) or stimulated with 1 µM PGF2α or AngII 
(+) for 5 min at 30ºC. Incorporation of [35S]-GTPγS on G proteins was measured after 
stopping the reaction by immunoprecipitation of either Gαq or Gα12 with subtype-specific 
antibodies. Inset: Western blots showing Gαq (C, E) and Gα12 (D, F) expression. Results 
are representative of three (A, B) or six (C-F) independent experiments. n.s., not significant, 
*p<0.05, ** p<0.01 compared to vehicle (A, B) or vehicle not treated ((-) C-F), #p<0.1 
compared to vehicle ((+) C), &p<0.05 compared to PDC (-). 
We next assessed the effect of PDC113.824 on FP receptor coupling to G proteins by 
monitoring [35S]-GTPγS loading onto Gαq and Gα12 following PGF2α stimulation. Pre-
incubation of FP receptor cells with PDC113.824 alone increased [35S]-GTPγS loading onto 
Gαq to levels similar to that of PGF2α (i.e. in absence of PDC113.824). Consistent with the 
effects on PKC and ERK1/2, treatment with PDC113.824 also significantly potentiated 
PGF2α-promoted [35S]-GTPγS-Gαq binding (Fig. 9C). In contrast to Gαq, PDC113.824 
both reduced [35S]-GTPγS loading in the absence of the orthosteric agonist and also 
completely inhibited FP receptor-stimulated [35S]-GTPγS incorporation onto Gα12 (Fig. 
9D). This effect is shown again to be specific for the FP receptor as the agonist activation 
of AT1R, which also resulted in [35S]-GTPγS loading onto Gαq and Gα12 was not 
significantly influenced by PDC113.824 (Fig. 9E and F). 
 
DISCUSSION 
Here, we describe the design and characterization of PDC113.824 as a new 
allosteric modulator with biased signaling properties on FP receptor, acting both as potent 
tocolytic agent in vivo and as an inhibitor of myometrial contraction in vitro and ex vivo. 
PDC113.824 actions were specific to FP receptor, since no significant effects were 
observed on two other GPCRs, AT1R and the oxytocin receptor. Functional studies 
revealed that PDC113.824 increased agonist-mediated activation of MAPK by FP receptor 
via Gαq, while it inhibited cytoskeletal rearrangement and myometrial contraction through 
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uncoupling of the receptor to the Gα12-Rho-ROCK signaling pathway (summarized in Fig. 
10). The functional selectivity of PDC113.824 toward two distinct and opposite G protein-
dependent events supports the biased nature of this compound on PGF2α−mediated, FP 
receptor-dependent signaling.  
 
FIGURE 10. PDC113.824-mediated biased signaling effects through FP receptor. PGF2α 
induces ERK1/2 activation via Gαq, and actin reorganization and contraction through Gα12. 
PDC113.824 increases the coupling of the FP receptor to Gαq, which increases PGF2α-
mediated activation of PKCβI and ERK1/2 (i.e. acts as a positive allosteric modulator, 
PAM). In contrast, PDC113.824 reduces PGF2α-induced cytoskeletal reorganization, 
modulation of cell ruffling, and myometrial cell contraction via decreased coupling of FP to 
Gα12 (i.e acts as a negative allosteric modulator, NAM). FP receptor-mediated activation of 
PLC and production of inositol trisphosphate (IP3) promotes intracellular Ca2+ release, 
which stimulates Ca2+-dependent, calmodulin-mediated activation of myosin light chain 
kinase and subsequent phosphorylation of myosin light chain to promote smooth muscle 
cell contraction. Activation of the Rho-ROCK pathway through Gα12 facilitates inhibitory 
regulation of the myosin light (MLC) phosphatase and the increase in myosin light chain 
phosphorylation, which maintains the cell in the contracted state (Lartey et al., 2009). 
xxviii 
 
 
A hallmark of allosteric affinity modulators is their ability to promote 
conformational changes in the receptor, which mechanistically can translate into alterations 
in the dissociation kinetics of preformed orthosteric ligand-receptor complexes 
(Christopoulos et al., 2004; Vauquelin et al., 2002). These effects, however, are not seen if 
interacting ligands compete for the same orthosteric site. Our findings that PDC113.824 
partially decreases [3H]PGF2α binding to the FP receptor (Fig. 4A, albeit no more than 
15% of maximum binding) suggested that it can either act as an allosteric modulator of 
orthosteric site affinity (i.e. through a conformational change in the orthosteric binding site) 
and/or as a weak (partial) competitive ligand. The increased rate of dissociation of PGF2α 
in the presence of PDC113.824 is, however, more consistent with a conformational change 
in the orthosteric binding site of the receptor promoted by the non-competitive nature of an 
allosteric ligand. Although, we cannot totally exclude that PDC113.824 may still partially 
compete with PGF2α for the orthosteric binding site, our results showing that PDC113.824 
minimally decreases total binding of PGF2α, while increasing agonist off-rate kinetics of 
ligand binding to the receptor, strongly suggest that PDC113.824 primarily acts as a 
negative affinity allosteric modulator of the FP receptor. 
While a number of studies have characterized the allosteric properties of synthetic 
compounds on different GPCRs (see (Conn et al., 2009) and (Valant et al., 2009) for 
review), their potential to bias receptor signaling remains largely unexplored. To our 
knowledge, PDC113.824 represents the first example of a synthetic allosteric modulator 
derived from a specific region of a GPCR (e.g. the N-terminal domain of the second 
extracellular loop of FP receptor), which promotes functional selectivity for two distinct G 
protein-mediated signaling events. Our study not only provides conceptual insights into FP 
receptor signaling relevant to myometrial contraction, but also for the potential 
development of new classes of tocolytic drugs and other allosteric GPCR modulators with 
biased signaling properties. 
The extracellular loops of GPCRs have been demonstrated to be important for both 
ligand recognition and allosteric modulation of certain receptors (Avlani et al., 2007; Klco 
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et al., 2005; Scarselli et al., 2007; Shi et al., 2004). Transmembrane domains involved in 
ligand recognition and receptor activation have also been shown to influence extracellular 
loop conformations (Ahuja et al., 2009; Bokoch et al.). For instance, light-dependent 
activation of rhodopsin has been shown to induce changes in the conformation of the 
second extracellular loop. Moreover, a recent study on the β2-adrenergic receptor also 
revealed that ligands known to differentially affect the conformation of transmembrane 
domains and subsequent receptor activity also stabilize distinct conformation of the second 
extracellular loop (Bokoch et al.). Thus, PDC113.824, which mimics structural features of 
the second extracellular loop of the FP receptor, could constrain the conformation of 
agonist-bound receptor into selective coupling configurations, promoting more efficient 
Gαq activation, while reducing coupling to Gα12. Interestingly, differential G protein 
coupling with the FP receptor was modulated by PDC113.824 even in the absence of the 
orthosteric ligand suggesting that it primes two distinct pre-existing receptor/G protein 
complexes of FP receptor/Gαq and FP receptor/ Gα12 but in distinct ways. Alternatively, 
PDC113.824 may be capable of interacting with receptors that are constitutively active but 
not necessarily pre-coupled per se. Although PDC113.824 acted as a negative allosteric 
modulator for agonist binding, it seemed to affect how FP receptor coupled to G protein in 
the absence of agonist in a biased fashion.  
Our study also yields new information regarding FP receptor signaling and the 
mechanisms underlying myometrial contraction and cytoskeletal remodeling. We observed 
that blocking MAPK activation had only a marginal effect on cell ruffling, a response 
dependent on the Gα12-Rho-ROCK signaling pathway (Kurokawa et al., 2005; Takai et al., 
1995), and no effects on myometrial cell contraction. Inhibiting Rho only affected 
cytoskeletal rearrangement and not FP receptor-dependent activation of ERK1/2. Our 
findings suggest an important role of Gα12-Rho-ROCK pathway in regulating myometrial 
cell contraction and that Gαq, which is involved in controlling the PKC-MAPK signaling 
pathway are independently regulated. However, we cannot exclude that other signaling 
events upstream of MAPKs, such as those seen for the PDC113.824-dependent increase in 
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FP receptor-mediated activation of PKC, contribute to blocking functional coupling of FP 
receptor to Gα12/13. 
Our findings underscore the importance of FP receptor signaling through the Gα12-
Rho-ROCK pathway as a pharmacological target in the management of parturition and 
preterm labor. Our in vitro and in vivo data are consistent with both the observations that 
RhoA activity is increased in the myometrium during pregnancy, and that inhibition of 
ROCK blocks both PGF2α- and LPS-induced preterm labor in mice (Lartey et al., 2009; 
Lartey et al., 2007; Tahara et al., 2005). However, the extent to which MAPK contributes 
to myometrial contraction and preterm labor remains an open question (Ohmichi et al., 
1997). That PDC113.824 sensitizes PGF2α-dependent activation of ERK1/2 in myometrial 
cells, while inhibiting myometrial contraction and parturition in mice suggests that MAPK 
plays a minor role in uterine contraction. Development of biased FP receptor ligands which 
selectively engage the Gαq-PKC-MAPK signaling pathway, without affecting the Gα12-
Rho-ROCK signaling pathway will be of great value in addressing this issue. 
To date, only a very few examples of biased allosteric modulators have been 
described which direct GPCR signaling toward distinct effector pathways. The metal ion 
Gd3+ allosterically modulates the orthosteric ligand glutamate for the mGluR1 homodimer 
to promote differential coupling of the receptor to either Gαq and Gαs (Tateyama et al., 
2006). It is unlikely, however, that Gd3+ acts in a selective manner, as it could affect other 
class C GPCRs. A calcium-sensing receptor (CaSR) autoantibody has also been shown to 
potentiate the Ca2+/Gαq response, while inhibiting the Gαi-dependent activation of MAPK 
(Makita et al., 2007). Recently, a drug screen has identified a new allosteric antagonist of 
NK2 receptor, which biases the receptor toward increased Ca2+signaling, while inhibiting 
cAMP production (Maillet et al., 2007). PDC113.824 represents a significant addition to 
this new “repertoire” of allosteric modulators that bias receptors toward distinct G protein-
dependent signaling events. Our findings are also distinguishable, as they highlight the 
possibility of developing GPCR-specific synthetic allosteric and biased modulators by 
constructing mimics to particular regions of a given receptor. Ligands acting on orthosteric 
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sites have also been shown to bias GPCR signaling (Galandrin et al., 2007; Kenakin, 2007). 
However, because allosteric sites on receptors are presumably more diverse than orthosteric 
sites, it is likely that many allosteric ligands described to act on GPCRs will also turn out to 
have unsuspected biased signaling properties. 
The clinical use of allosteric compounds has recently attracted more attention 
(Block et al., 2004; Dorr et al., 2005; Wang et al., 2009). These modulators can be used at 
saturating concentrations, as their effects are only revealed in the presence of endogenous 
ligands (e.g. neutral allosteric ligands), potentially reducing adverse effects (Birdsall et al., 
1999; Birdsall et al., 1996; Christopoulos et al., 2002). The design of allosteric ligands with 
biased signaling properties, as in the case of PDC113.824, offers not only the advantage of 
specificity for a single GPCR, but also selectivity for a specific subset of signaling 
pathways, further reducing unwanted side effects. At present, tocolytic drugs used in clinic 
have significant off target and/or non-selective actions (Pryde et al., 2004; Thornton et al., 
2001). Sympathomimetics (e.g. ß-agonists), or non-steroidal anti-inflammatory drugs 
(NSAIDs, e.g. indomethacin) target multiple tissues and organs leading to unwanted 
responses in both the mother and fetus. Moreover, the benefit of oxytocin receptor blockade 
using antagonists (e.g. Atosiban) in preventing pre-term labor remains limited, since 
oxytocin receptor, in contrast to FP receptor, is not involved in regulating the initial stages 
of preterm parturition (Sugimoto et al., 1998; Sugimoto et al., 1997). Thus, the future 
development of biased, allosteric compounds specific for FP receptor will not only help 
further our understanding of mechanisms underlying parturition, but may also contribute to 
the design of better and more selective tocolytic drugs. 
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Annexe 2: Étude de la relation structure-activité de 
l'azabicycloalcane sur l'activité inhibitrice du 
PDC113.824  sur l'utérus souris. 
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antagonism of peptide mimic ligands for the prostaglandin 
F2α  receptor 
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Introduction 
Prematurity is an unmet medical need, with the highest per patient cost per year in 
the USA [1]. Parturition, labor and preterm labor, all can be initiated by the prostaglandin 
F2α (PGF2α) receptors in uterine muscles [2]. Peptides and mimics have been developed 
as allosteric antagonists [2,3] of the PGF2α receptor. For example, peptide 1 and mimic 2 
(Fig. 1) were synthesized and exhibited good inhibition activity against PGF2α (IC50 340 
nM and 2.5 nM respectively) [4,5]. Recently [6], the importance of the 3S,6S,9S-
stereochemistry of the indolizidin-2-one (I2aa) type II’ beta-turn mimic in ligand 2 was 
demonstrated by its replacement with its 3R,6R,9R-counterpart in ligand 3, which was 
found to be inactive. Extending this study of the influence of configuration on activity, we 
have now synthesized the enantiomer of 2, mimic 4 and examined its biological activity.  
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Fig. 1: Octapeptide 1 and mimics ,2-4 
 
Results and Discussion  
The all D peptide mimic 4 was synthesized by using a Boc-protection strategy on 
oxime resin (Figure 2). D-Boc-Cit-OH was first coupled to the resin using DCC and ethyl 
2-(hydroxyimino)-2-cyanoacetate (EACNox) in DCM.  Removal of the Boc group was 
performed with 20% TFA in DCM. To the resin bound peptide, (3R,6R,9R)-Boc-I2aa-OH 
[7] and phenylacetic acid were sequentially coupled using TBTU, HOBt and DIEA in 
DMF.  Couplings were monitored by the Kaiser test, and LC/MS analysis of product from 
cleavage of a resin aliquot with methoxyethylamine in chloroform. The resin was cleaved 
by displacement with D-H-βPhe-OBn (100 mol%) in the presence of DIEA (100 mol%) 
and AcOH (100 mol%) in DCM. After purification of the benzyl ester by preparative 
HPLC, acid 4 was liberated by hydrogenolysis in EtOH and isolated by preparative HPLC 
for biological testing. 
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Fig. 2: Synthesis of mimic 4. 
The effect of  peptide mimics on uterine contractility in the process of  labor was 
tested against PGF2α responses on myometrial strips from CD-1 mice immediately after 
delivery in organ baths (containing Krebs buffer equilibrated with 21% oxygen at 37°C)[3]. 
After 1h of equilibration, changes in mean basal tension, as well as peak, duration and 
frequency of spontaneous contractions in response to added agents were recorded with a 
Kent digital polygraph system (Fig. 3). As already mentioned [6], 2 dissipated robust 
PGF2α-induced contractions of mouse myometrium.  In contrast, its enantiomer 4 showed 
no inhibition on the contractile activity of PGF2α on uterine smooth muscle.  
      
          
                                                                      
 
 
                                                                     
 
 
Fig. 3: Tracings of spontaneous and PGF2α-induced myometrial contraction of 
pregnant mice tissue treated with A. 2 ; B. 4. 
In conclusion, continued examination of the relationship between stereochemistry 
and activity in allosteric antagonists of the PGF2α receptor was performed by the synthesis 
and analysis of peptide mimic 4. The lack of activity of this enantiomer of the potent 
antagonist 2 supports the importance of residue stereochemistry and the type II’ beta-turn 
mimicked by the (3S,6S,9S)-I2aa residue as requirements for inhibition of uterine 
contractions induced by PGF2α 
A 
 
2 g 15 min 
PGF2α  (0.1 µM) 0.01 0.1  1         10 
2 (µM) 
B 
PGF2α(0.1 mM) 0.1      1 
      4  
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Supporting information 
 
Benzophenone semicarbazone protection strategy  
for synthesis of aza-glycine containing aza-peptides 
Carine B. Bourguet, David Sabatino and William D. Lubell* 
 
Dibenzhydrylidene semicarbazone (13) A stirred solution of benzophenone hydrazone 
(200 mg, 1 mmol) in 10 mL of dichloromethane at 0°C was treated dropwise with a 
solution of 20% phosgene in toluene  (0.55 mL, 1.1 mmol). The ice bath was removed and 
the reaction was allowed to warm to room temperature. The extent of reaction was 
monitored by TLC. After 1 hour, complete disappearance of the hydrazone and formation 
of the product, 13, was observed by TLC, Rf 0.33 (2:1 hexane /EtOAc), and was treated 
with a premixed solution of glycine ethyl ester hydrochloride (250 mg, 0.78 mmol) and 
NEt3 (0.28 mL, 2.04 mmol) 5 mL of dichloromethane.  After stirring overnight, the crude 
reaction mixture was concentrated under vacuum and purified by column chromatography 
on silica gel. Purification by column chromatography (2:1 hexane:EtOAc) gave 
semicarbazone 13 as a white solid (320 mg, 76%). Rf 0.33 (2:1 hexane:EtOAc); mp 218-
220°C; 1H NMR (400 MHz, CDCl3) δ 7.02–7.72 (m, 21 H),  9.69 (s, 1 H). 13C NMR (100 
MHz, CDCl3) δ 127.8, 129.2, 129.5, 151.1. HRMS m/z 419.1867 [M+H+; calcd for 
[C27H23N4O]+: 419.1866].  
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Supporting information 
Aza-diketopiperazine synthesis by Aza-Gly-Xaa dipeptide alkylation 
Carine B. Bourguet, Caroline Proulx, Sophie Klocek, David Sabatino, William D. Lubell* 
Département de Chimie, Université de Montréal, C.P.6128. Succursale Centre-Ville. 
Montréal, Québec, Canada H3C 3J7 
 
 
General information: 
 
Unless otherwise noted, all reactions were performed under an argon atmosphere and 
distilled solvents were transferred by syringe. Benzophenone hydrazone and p-nitrophenyl 
chloroformate were purchased from Aldrich Chemicals. Anhydrous solvents (THF, 
CH2Cl2, and CH3OH) were obtained by passage through solvent filtration systems 
(GlassContour, Irvine, CA). DIEA was distilled over ninhydrin and CaH2. Final reaction 
mixture solutions were dried over MgSO4 or Na2SO4. Chromatography was on 230-400 
mesh silica gel, and TLC was on glass-backed silica plates.  Melting points were made on a 
Gallankamp apparatus and are uncorrected. Specific rotations [α]D were measured at 20°C 
at the specified concentrations (c in g/100 mL) using a 1 dm cell on a Perkin Elmer 
Polarimeter 341 and the general formula: [α]D20 = (100*α)/(d*c). Accurate mass 
measurements were performed on a LC-MSD-TOF instrument from Agilent technologies 
in positive electrospray mode at the Université de Montréal Mass Spectrometry facility. 
Either protonated molecular ions [M+H]+ or sodium adducts [M+Na]+ were used for 
empirical formula confirmation. 1H NMR spectra were measured in CDCl3, CD3OD or 
DMSO at 400 MHz and referenced to CDCl3 (7.26 ppm), CD3OD (3.31 ppm) or DMSO 
(2.50 ppm). 13C NMR were measured in CDCl3, CD3OD or DMSO at 100 MHz and 
respectively referenced to CDCl3 (77.0 ppm), CD3OD (49.0 ppm) or DMSO (39.52 ppm). 
Coupling constants, J values were measured in hertz (Hz) and chemical shift values in parts 
per million (ppm). 
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